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ABSTRACT 
 
This dissertation presents the design, fabrication, and characterization of photonic crystal 
(PC) and plasmonic nanostructures, both of which employ the resonantly enhanced near-field 
effect for biosensing applications. The near-field enhancement around PC surfaces is exploited to 
increase fluorescence emission from the surface-bound fluorescent species. The same 
phenomenon can be applied to the resonant excitation of the vibrational modes of molecules 
adsorbed on the surface of plasmonic nanostructures, thus enhancing Raman signal intensity. The 
optical properties of PC and plasmonic nanostructures are respectively engineered to appropriate 
spectral positions in order to maximize signal output. Both nanostructures are inexpensively and 
uniformly fabricated over large surface areas upon flexible plastic substrates by nanoreplica 
molding. In addition to detailing and describing PC enhanced fluorescence (PCEF), this 
dissertation is mainly concerned with the study and development of highly effective surface-
enhanced Raman scattering (SERS) substrates and their potential applications in detection and 
identification of intravenous drugs.  
Chapter 1 provides a general introduction to the Raman scattering and a brief overview of 
the SERS mechanism. Chapter 2 shows the work on PCEF through the use of two distinct PC 
resonances and a high surface-area nanorod coating deposited by the glancing angle deposition 
(GLAD) technique. Chapter 3 describes the work on the development and characterization of 
GLAD-deposited SiO2–Ag “post-cap” nanostructures for SERS. Although a high density coating 
of dielectrically isolated metallic nanoparticles fabricated by the GLAD technique provides a 
decent SERS enhancement factor (EF) without the need for costly patterning approaches, the 
optical characteristics of such randomly roughened surfaces are intrinsically difficult to predict 
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and control. In Chapter 4, a plasmonic nanodome array (PNA) structure is designed and 
developed to overcome this problem. The optical properties and SERS performances of the PNA 
substrates with superstrates of air and water are investigated. Lastly, Chapter 5 describes the 
SERS-active PNA surface incorporated into a miniature flow cell connected to biomedical tubing 
as an in-line SERS sensor for point-of-care detection and real-time monitoring of intravenously 
delivered drugs. 
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CHAPTER 1: INTRODUCTION 
 
The Raman effect was discovered in 1927 by Chandrasekhara Venkata Raman who won 
the Nobel Prize for his work [1]. Raman scattering is the phenomenon of inelastic light scattering, 
in which the energies of scattered and incident light differ by a fixed amount corresponding to 
the characteristic vibrational energy of the scattering medium. The energy of the scattered light is 
changed as the light either imparts vibrational energy to the scattering molecules or takes energy 
away. The major utility of the Raman effect is based on the fact that the amount of energy 
gained (or lost) between the incident and scattered photons is equal to an energy difference 
between two quantized energy levels of the molecules that are causing the scattering. As a 
consequence, these energy differences of the photons are independent of the initial energy, 
wavelength and frequency of the incident light. Because molecules with different functional 
groups have different characteristic vibrational energy levels, each molecule has a unique Raman 
spectrum and hence Raman spectroscopy provides a molecular fingerprint which enables the 
identification of the compound either in the pure state or in mixtures through their characteristic 
Raman scattering of photons. 
One aspect of Raman scattering that restricted its usage despite its molecular 
identification capabilities was that the Raman cross sections are typically 12-14 orders of 
magnitude smaller compared to those of fluorescence. However, in 1974, Fleischmann et al. 
described their observation of normal Raman signals from a monolayer of pyridine adsorbed on a 
roughened silver electrode immersed in a simple aqueous electrolyte solution in an 
electrochemical cell. They proved that the Raman signals were originating either from molecules 
directly adsorbed to the surface or very near the surface and claimed that surface roughening and 
1 
 
increased surface area were responsible for the source of the increased Raman scattering [2]. In 
1975, Van Duyne and Jeanmaire repeated the Fleischmann electrochemical roughening 
procedure and carefully measured pyridine surface Raman intensity vs. the number of coulombs 
of charge passed, but realized that such high Raman signal enhancement observed cannot be 
attributed solely to the increased surface area due to the rough surface of the metal electrode. In 
1977, Jeanmaire and Van Duyne demonstrated that the Raman signals associated with pyridine 
adsorbed on electrochemically roughened silver electrodes were indeed enhanced by a factor of 
105–106 [3]. Within the next few years, strongly enhanced Raman signals were verified for many 
different molecules, which had been attached to rough silver, gold or copper surfaces.  The effect 
was named surface-enhanced Raman scattering (SERS). SERS is a powerful vibrational 
spectroscopy technique that allows for sensitive and selective detection of low concentration 
analytes. Due to its ability to identify chemical species and obtain structural information, SERS 
can be utilized for sensitive and selective molecular identification. Recently, SERS has been 
used as a sensing platform to detect various biological and chemical entities including trace 
quantities of pesticides, anthrax, prostate-specific antigen, glucose, and nuclear waste [4]. SERS 
has also been implemented for identification of bacteria, genetic diagnostics, and immunoassay 
labeling as well as detection of various diseases [4, 5]. 
 
1.1 Raman scattering 
The Raman effect can be considered as part of a scattering process involving a photon 
and a molecule. Photons interacting with molecules most commonly scatter elastically and 
therefore the scattered photons have the same wavelength as the incident light. This elastic 
scattering process is referred to as Rayleigh scattering. However, approximately 1 out of ten 
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million incident photons are inelastically scattered from molecules and shifted in frequency by 
the energy of its characteristic molecular vibrations. One of the most important forms of inelastic 
scattering in molecules is Raman scattering. The frequency shift of the Raman scattered photons 
can occur either at lower or higher energy relative to the incident photons, depending on whether 
they interacted with molecules in the vibrational ground state or an excited vibrational state. 
When incident photons bounce off electrons in a molecule in a vibrational ground state and 
transfer a certain amount of energy for molecular vibrations, the scattered light is therefore less 
energetic and appears at a lower frequency, which is called Stokes scatting. On the other hand, 
when incident photons interact with electrons in a molecule already in an excited vibrational 
state and gain additional energy from the molecular vibrations, the scattered light becomes more 
energetic and appears at higher frequency, which is called anti-Stokes scattering. Note that 
energy is lost in the Stokes scattering and gained in the anti-Stokes scattering. The energy gained 
or lost is related to the energy spacing of the molecules’ vibrational modes and therefore the 
wavenumbers of the Stokes and anti-Stokes lines in the measured Raman spectrum are a direct 
measure of the vibrational energies of the molecule. 
Raman scattering can further be classified into two different types depending on whether 
the excitation light involves molecular electronic transition or not. Non-resonance 
Raman scattering occurs when the energy of the excitation light does not coincide with an 
electronic transition of the molecule. Typically, non-resonance Raman scattering can happen 
even when the incident photon has energy below the first possible electric transition, without a 
direct absorption of the photon (as required for fluorescence) at the incident wavelength. This is 
because Raman transition is allowed only depending on whether the change in polarizability of the 
molecule exists during molecular vibrations rather than on the absorption process. Polarizability 
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is the change of the dipole moment with distance. The amount of the polarizability change will 
determine the Raman scattering intensity. On the other hand, resonant Raman scattering occurs 
when the excitation energy gets close to an electronic transition of the molecule. In this case, the 
photon can excite an electron to near an electronic excited state rather than a virtual excited state, 
and therefore the Raman scattering process becomes much stronger than the normal non-resonant 
case. Typical Raman cross sections usually range from 10−31 to 10−26 cm2 per molecule, 
depending on whether the scattering is non-resonant or resonant [6]. 
 
1.2 Application areas of Raman spectroscopy 
Raman spectroscopy is a powerful and versatile tool for label-free molecular detection 
and identification. By measuring the vibrational energies associated with chemical bonds, Raman 
spectroscopy is able to identify unique chemical signatures in complex mixtures. 
 
Table 1.1: Information obtained from Raman spectrum [7]. 
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As a general purpose analytical method, Raman spectroscopy spans a broad range of 
fields that includes archeology, forensic science, pharmaceuticals, chemistry and biology. From 
the Raman spectrum of the tested sample, a large amount of information may be obtained to 
identify the characteristics or state of the material. For example, characteristic Raman 
frequencies can be used to deduce the composition and identification of material, changes in 
frequency of Raman peak can be used to deduce the stress/strain state, polarization of Raman 
peak can be used to deduce the crystal symmetry and orientation, width of Raman peak can be 
used to deduce the quality of crystal, and intensity of Raman peak can be used to deduce the 
amount of material. A correspondingly detailed list is shown in Table 1.1 [7]. 
Analysis of archeological objects by Raman spectroscopy is a rapidly developing field. 
Characteristic Raman bands are used to identify various materials and detect pigments and dyes 
as shown in Figure 1.1 [8]. The noninvasive and nondestructive nature of Raman spectroscopy 
makes it an ideal probe for the composition of rare or invaluable objects.  One of the major 
advantages of Raman spectroscopy in art and archeology originates from the difficulties of 
obtaining samples for analysis. The materials to be examined are either very valuable in 
themselves or part of a priceless object. Removing even a small piece of sample for analysis 
would cause damage and loss of its value. Raman spectra can be obtained from microsamples 
without having to separate them. Coloring came from inorganic pigments and natural dyes for 
many centuries, but there were very few synthetic dyes available until the 19th century. There is 
extensive knowledge of the compositions of color used in paintings and decorated objects. 
Raman spectroscopy can not only identify the type of inorganic materials used but also the 
physical forms. By examining the Raman spectra of paintings and archaeological artifacts such 
as pottery and porcelains, the age of the work can be determined [9, 10]. The knowledge of those 
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compositions can be used to distinguish original work from forgery. Besides color identification, 
the identification of gemstones [11] and organic materials such as ivory [12] and resins [13] 
makes Raman spectroscopy a very powerful technique in these fields. 
 
 
Figure 1.1: A sixteenth-century German choir book: a historiated letter ‘R’ [8]. 
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 Figure 1.2: (a) and (b) Foreign paint traces observed on two different color cars; (c) Comparison of the Raman 
spectra obtained from the paint traces with the reference paint chips taken from the two colliding cars [14]. 
 
Rapid developments in instruments for the detection of Raman scattering make this 
method very useful in forensic identification because Raman measurements is a noncontact and 
nondestructive measurement that makes it advantageous for forensics. For example, the analysis 
of automotive topcoats is of great significance for forensic science, especially for the 
investigation of hit-and-run accidents, as shown in Figure 1.2 [14]. There is no limitation on size 
or form of the samples it is applied on, and therefore it does not matter if a randomly scraped 
piece of object is the sample to be examined. This is particularly useful in forensic science as the 
sample to be analyzed obviously cannot be chosen and its dimensions specified. The sample can 
be examined untouched and unchanged because it does not involve putting the sample through 
any chemical or physical process but barely shining a laser beam to get a graph. This is useful as 
it preserves the sample in its original condition for further analysis, and testing and this would be 
especially helpful if the sample was pretty small. Furthermore, in the forensic science laboratory, 
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integrity of the chain of evidence is very important and measures must be taken to ensure that 
samples remain free of contamination after evidence is collected at the scene of the crime. With 
Raman spectroscopy, chain of evidence concerns can be alleviated by sampling directly through 
plastic evidence bags, glass bottles, or vials [15]. 
 
 
Figure 1.3: Raman spectra of two different counterfeit tablets with the same coating and core formulation [16, 17]. 
 
In addition to being important in the forensic field, Raman spectroscopy is also used to 
perform a variety of analyses in the detection of counterfeit and adulterated pharmaceutical 
products, as shown in Figure 1.3 [16, 17]. Counterfeiters deceive patients into believing they are 
getting real medicines when they are not. In reality, counterfeit pharmaceuticals often contain 
inactive, expired ingredients with no therapeutic benefit and may even contain harmful 
substances. The Food and Drug Administration (FDA) reported that the number of counterfeit 
investigations has increased from 5 per year in the late 1990s to over 20 per year since 2000 [18]. 
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Recently, many of these counterfeit products previously found and bought from the internet or 
the black market are now finding their way into the legitimate supply chain. The FDA’s Forensic 
Chemistry Center (FCC) uses a variety of analytical methods and instrumental techniques in the 
screening and sourcing of these suspect counterfeit and illicit pharmaceuticals; one of the 
methods they frequently used in the analysis of these suspect counterfeit products is Raman 
spectroscopy. 
 
 
Figure 1.4: Representative Raman spectra of blood serum and urine. Spectra from multiple subjects are shown [19]. 
The spectrum of blood serum contains many chemical signatures at comparable amplitudes, whereas that of urine is 
dominated by a urea peak. 
 
Chemical testing of physiological fluids such as blood, urine, lymph, and saliva plays an 
important role in health care. Analyzing them can provide rich information about a person’s state 
of health. For example, people with high cholesterol levels or diabetes usually use regular blood 
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analysis to monitor their condition. Detection of drugs such as analgesic and narcotic drug 
morphine is also another significant purpose for blood serum and urine analysis in our society, as 
shown in Figure 1.4 [19]. Traditionally, the analysis of blood and urine is based on chemical 
reactions. Such low-accuracy, single-analyte tests such as blood glucose can be performed by 
using at-home kits; more complete blood tests can be performed at hospitals by using dedicated 
analyzers. Raman spectroscopy provides several advantages over chemical assays. First, Raman 
measurements are fast with acquisition times typically requiring only a few seconds and all 
measurements can be performed on the same sample volume since multiple chemicals’ 
information can be obtained from a single spectrum. Another general advantage is that optical 
sensing requires no physical or chemical contact with the sample. The noncontact nature of 
Raman spectroscopy also eliminates the need for reagents and reduces the number of 
components that need to be cleaned. The third advantage is that it does not require any special 
sample preparation, thus many studies may be performed in situ. Moreover, Raman spectroscopy 
can be performed in a backscattering direction, thereby permitting analysis of turbid samples in 
vivo for clinical applications [20]. 
 
1.3 Fundamental plasmonic properties of the metallic nanoparticles 
In a metallic nanoparticle, the conduction electrons are essentially free to move, with 
little interaction from their respective nuclei because of Coulomb shielding effects. When these 
metallic nanoparticles are illuminated with light, the electric field of an incoming light induces 
polarization of the conduction electrons with respect to the much heavier ionic cores of the metal 
atoms. At the surface of the metallic nanoparticles, a net charge or a dipole is produced. The net 
charge difference or charge displacement on the surface then acts as a restoring force for the 
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polarization. As a result, the electrons oscillate coherently, as shown in Figure 1.5(a) [21]. If the 
frequency of the incident electromagnetic field is resonant with the coherent electron motion, a 
strong peak in the extinction spectrum, the sum of the absorption and scattering spectra, is 
observed and LSPR extinction peak wavelength, λLSPR, is determined, as shown in Figure 1.5(b) 
[4]. 
 
 
Figure 1.5: (a) Illustration of the excitation of the metal nanoparticles by incident electromagnetic radiation [21]. (b) 
Extinction spectrum of a metallic nanoparticle. The peak wavelength in the extinction spectrum indicates the 
resonant wavelength of the LSPR [4]. 
 
 
Figure 1.6: The simulated electric-field intensity profile (E2) in the vicinity of a single silver nanoparticle (a) at 
LSPR wavelength and (b) far away from LSPR wavelength. The diameter of the silver nanoparticle is 50 nm. 
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Localized surface plasmon resonance (LSPR), collective electron charge oscillations 
locally around metallic nanoparticles, takes place when the incident excitation wavelength 
matches the resonant wavelength of the metallic nanoparticle at which maximum extinction 
occurs. The LSPR is very sensitive to nanoparticle size, shape, material, and local dielectric 
environment. The excitation of the LSPR of the metallic nanoparticle results in enhanced local 
electromagnetic fields near the surface of the metallic nanoparticle. This enhanced field is highly 
localized and decays rapidly away from the metal/dielectric interface. Figure 1.6(a) illustrates 
that the near-electric-field intensity of LSPR mode is enhanced by more than one order of 
magnitude compared to that of non-LSPR mode shown in Figure 1.6(b). This field enhancement 
is a very important aspect of LSPR and localization means the LSPR has very high spatial 
resolution (subwavelength), limited only by the size of metallic nanoparticles. 
LSPR extinction of a single metallic nanoparticle can be shifted in wavelength via 
alterations in nanoparticle size. The overall shift is toward lower energies: the spectral position 
of the LSPR resonance red-shifts with increasing nanoparticle size. Intuitively, this can be 
understood by recognizing that the distance between the charges at opposite interfaces of the 
metallic nanoparticle increases with its size, thus leading to a smaller restoring force and 
therefore a lowering of the resonance frequency, i.e. a longer wavelength. Furthermore, the 
extinction cross-section is the sum of absorption and scattering cross-sections, respectively 
scaling with a3 and a6 where a denotes the nanoparticle radius. Consequently, for large 
nanoparticles extinction is dominated by scattering whereas for small nanoparticles it is 
dominated by absorption. The transition between the size regimes is characterized by a distinct 
color change. For example, small gold nanoparticles absorb green and blue light and thus render 
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a red color. On the other hand, larger gold nanoparticles scatter predominantly in the green and 
hence render a greenish color.  
A very nice illustration of these findings is the famous Lycurgus cup made by ancient 
roman artists, today exhibited at the British Museum, shown in shown in Figure 1.7 [22]. Due to 
different nanometer-sized gold particles embedded in the glass, the colors are determined by 
interplay of absorption and scattering. The Lycurgus cup absorbs green and blue light by small 
gold nanoparticles and scatters green light by large gold nanoparticles. When illuminated by a 
white source from outside the cup, the cup appears green because green light is scattered or 
reflected from the cup and into the eye of the observer. On the other hand, when illuminated by a 
white source from inside, the cup shows red because blue and green light is absorbed and red 
light is transmitted through the cup and seen by the observer.  
 
 
Figure 1.7: The Lycurgus Cup in reflected (a) and transmitted (b) light [22]. 
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1.4 Principles of surface-enhanced Raman scattering 
Although Raman spectroscopy has a wide range of applications, the Raman scattering 
cross sections are typically 12-14 orders of magnitude smaller than the fluorescence cross 
sections of efficient dye molecules, resulting in relatively weak Raman scattering (~10−7 times 
the incident number of photons) [6]. Therefore, ordinarily a large ensemble of participating 
molecules is necessary in order to produce a measurable signal. Surface enhanced Raman 
scattering (SERS) spectroscopy is a Raman spectroscopic technique that provides a greatly 
enhanced Raman signal from Raman-active analyte molecules that have been adsorbed onto 
certain specially prepared metal surfaces. SERS amplification derives mainly from the 
electromagnetic interaction of light with metals, which produces great enhancement of the 
electromagnetic fields from a laser illumination source by exciting LSPR of nanoscale metal 
features as discussed before. Due to the ability of metal nanoparticles to concentrate 
electromagnetic fields within several nanometers of their surface, electrons associated with the 
high electric-field region experience intense oscillation, resulting in generation of an elevated 
rate of Raman scattering events. In addition to the long-range electromagnetic (EM) 
enhancement as a result of the laser excitation of LSPR, the other mechanism involved in 
increased Raman signals is short-range “chemical” enhancement, which primarily results from 
the direct contact of the molecules with the metal surface. This direct contact results in a 
modified ground-state electronic charge distribution, which gives rise to a modified polarizability 
of the adsorbate molecules. It is generally believed that the EM enhancement accounts for the 
majority of the enhancement factor while the chemical enhancement only contributes a small 
portion of the enhancement on the order of 10−102 [23]. 
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To determine the near-field SERS gain at the surface of metallic nanostructures, consider 
the situation that a molecule located at r0 is placed in the proximity of metallic nanostructures 
that act as a local field-enhancing device [24]. The interaction of the incident field E0 with the 
molecule gives rise to a dipole moment associated with Raman scattering according to 
[ ]0 0 0( ) ( , ) ( , ) ( , )R R sp E Eω α ω ω ω ω= +r r  (1.1) 
where α is the polarizability of the molecule, ω is the frequency of the excitation field, ωR is a 
particular vibrationally shifted frequency (ωR = ω ± ωvib), ωvib is the vibrational frequency of the 
molecule, E0 is the local incident field in the absence of the metallic nanostructures, and Es is the 
enhanced field originating from the interaction with the metallic nanostructures (scattered field). 
Es depends linearly on the excitation field E0 and hence it can be qualitatively represented as 
f1(ω)E0, with f1 representing the local field enhancement factor of the metallic nanostructures at 
excitation frequency. The electric field radiated by the induced dipole p can be represented by 
the system’s Green’s function G, which accounts for the presence of the metallic nanostructures, 
as 
[ ]
2 2
0 0 0 02 2
0 0
( , ) ( , ) ( ) ( , ) ( , ) ( )R RR R s RE G p G G pc c
ω ω
ω ω ω
ε ε∞ ∞ ∞ ∞
= = +r r r r r r r  (1.2) 
where we split the Green’s function G into a free-space part G0 (corresponding to the absence of 
the metallic nanostructures) and a scattered part Gs originating from the interaction with the 
metallic nanostructures. We represent Gs qualitatively as f2(ωR)G0, with f2 being the local field 
enhancement factor of the molecule at Raman scattered frequency. Finally, combining Equation 
(1.1) and (1.2), using the relations Es = f1(ω)E0, and Gs = f2(ωR)G0, and calculating the intensity I 
∝ |E|2 yields 
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4
2
2 0 0 1 02 4
0
( , ) 1 ( ) ( , ) ( , ) 1 ( ) ( , )RR R RI f G f Ic
ω
ω ω α ω ω ω ω
ε∞ ∞
= + +r r r r  (1.3) 
Thus, we find that the Raman scattered intensity scales linearly with the excitation intensity I0 
and that it depends on the factor 
 
[ ][ ] 22 11 ( ) 1 ( )Rf fω ω+ +  (1.4) 
In absence of the metallic nanostructures, we obtain the scattered intensity by setting f1 = f2 = 0. 
On the other hand, in presence of the nanostructures we assume that f1, f2 ≫ 1 and hence the 
overall SERS enhancement,  fSERS, becomes 
 
2 2
2 1( ) ( )SERS Rf f fω ω∝  (1.5) 
The more general form of Eq. (1.5) can be expressed as 
  
2 2
( ) ( )
( ) ( )
loc Raman loc exc
SERS
inc Raman inc exc
E Ef
E E
λ λ
λ λ
∝  (1.6) 
where Eloc(λexc) and Einc(λexc) are the local and the incident electric fields at the laser excitation 
wavelength, respectively. Eloc(λRaman) and Einc(λRaman) represent the local and the incident electric 
fields, created and radiated by the analyte molecules close to a metallic surface, at the Raman 
scattered wavelength.  
Equation (1.6) indicates that SERS enhancement is proportional to the product of the 
local electric-field intensity enhancement at the incident laser and the Raman scattered 
wavelength, and it also implies that the maximum SERS intensity occurs when both the incident 
and Raman scattered light are strongly enhanced by local electric-field enhancement arising from 
the laser excitation of LSPR. This can be achieved when the LSPR extinction peak wavelength, 
λLSPR, is located between the laser excitation wavelength, λexc and the Raman-scattered 
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wavelength by the analyte molecules, λRaman. As a result, it is important to know how to tune 
λLSPR to be located between λexc and λRaman. 
 
 
 
Figure 1.8: (a) and (b) Surface charge distributions of hybrid LSPR modes associated with silver nanoparticle pairs. 
The polarization direction is (a) parallel and (b) perpendicular to the long particle pair axis. (c) and (d) Extinction 
spectra of a 2D array of the silver nanoparticle pairs with the interparticle distances as the parameter. The 
polarization direction of the exciting light is (c) parallel and (d) perpendicular to the long particle pair axis [25]. 
 
LSPR extinction peak wavelength, λLSPR, can be tuned by changing the size, shape, and 
material composition of single metal nanoparticle as mentioned above. Another way to tailor the 
optical properties of metal nanoparticles is through varying interparticle distance between two  
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metal nanoparticles without changing their geometry. Figure 1.8(a) and (b) show the surface 
charge distributions when the polarization direction of the incident light is parallel and 
perpendicular to the long particle pair axis, respectively. We can see a remarkable redshift of the 
surface plasmon extinction peak with decreasing interparticle distance for the parallel 
polarization case and a smaller, but nevertheless distinct, blueshift for the perpendicular 
polarization case, as shown in Figure 1.8(c) and (d), respectively. In the parallel polarization case, 
the positive charge of the left particle in Figure 1.8(a) faces the corresponding negative charge of 
the right particle. Due to the attractive forces of the opposite charges, the repulsive forces within 
each particle are weakened, leading to a correspondingly lower resonance frequency (redshift in 
wavelength) with decreasing interparticle distance. In contrast, in the perpendicular polarization 
case shown in Figure 1.8(b), the charge distributions of both particles act cooperatively to 
enhance the repulsive action in both particles, thus increasing the resonance frequency (blueshift 
in wavelength)  with decreasing interparticle distance [25]. 
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CHAPTER 2: MAGNIFICATION OF PHOTONIC CRYSTAL FLUORESCENCE 
ENHANCEMENT VIA TM RESONANCE EXCITATION AND TE RESONANCE 
EXTRACTION ON A DIELECTRIC NANOROD SURFACE 
 
2.1 Introduction 
Fluorescence-based biological assays are used widely for measurements in life-science 
research, clinical diagnostic tests and drug discovery, with applications that include DNA gene 
expression analysis, protein microarrays for disease biomarker detection and cell imaging. For 
many of these applications, there is interest in driving the limits of detection to the lowest 
possible concentration and increasing the signal-to-noise ratio of fluorescence intensity above 
background noise. Therefore, an intense area of research is the development of techniques with 
the ability to enhance fluorescence yield through increasing the electric-field intensity 
experienced by fluorescent dyes [26], increasing the collection efficiency of fluorescence 
emission [27], decreasing the fluorescent lifetime of excited dye molecules [28] and increasing 
the interaction volume of electric field-fluorophore interaction [29]. Such techniques include 
metal nanoparticle surfaces [30], metal nanorods [31], metal-coated nanoshells [32] and 
dielectric-based photonic crystals (PC) [33]. PC-based fluorescence enhancement offers 
advantages that include the ability to engineer a surface structure with resonances at multiple 
wavelengths [34] from low-loss, non-quenching, dielectric materials that enable high-Q 
resonances that support high surface electric-field intensity. 
Fluorescence enhancement can be applied to quantitative bioassays by applying surface-
bound probe molecules such as DNA or antibodies to the PC and specifically capturing 
fluorescently labeled biomolecules. With this method, the fluorescent signal from molecules 
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bound to the PC surface is proportional to its concentration in the sample. Previous reports of 
PC-enhanced fluorescence (PCEF) surfaces have included demonstrations of DNA microarrays 
[35] and protein immunoassays [36] using organic dyes, and enhanced detection of quantum dots 
[37]. PCEF utilizes structures designed to produce guided-mode resonance (GMR). The GMR 
effect occurs when higher (evanescent) diffracted orders of a periodic sub-wavelength surface 
structure couple to the modes with the highest effective refractive index (RI) [38]. The energy 
coupled to ‘leaky guided modes’ radiates out from the structure due to its diffractive nature, for 
forward (transmitted) and backward (specular) diffracted waves with a complex propagation 
vector perpendicular to the period structure. These leaky waves interfere destructively with the 
directly transmitted zeroth-order diffracted wave and constructively with specularly reflected 
zeroth-order diffracted wave, leading to a strong reflection about a resonant wavelength whose 
linewidth and spectral location are set by the physical parameters of the device. Like other 
optical resonances, the GMR effect leads to storage of energy within the resonator under steady-
state operation conditions, the magnitude of which is directly related to the resonance quality 
factor, which in turn is inversely related to the resonance linewidth. A high resonance Q factor 
leads to high intensity near-fields with which fluorophores can interact and fluoresce with greater 
intensity. 
We previously demonstrated that a fluorescence enhancement of 114× can be achieved 
by incorporating a porous nanorod (NR) structure deposited by the glancing angle deposition 
(GLAD) technique on a dense nonporous high RI TiO2 layer of a PC [29]. We also demonstrated 
an enhancement of up to 193× by allowing fluorophores to penetrate into an exclusively NR-
structured high RI TiO2 layer on a PC surface [39]. The enhancement factor achieved in these 
previous reports was limited, because a low-Q TE resonance (Q ~ 33 in air, Q ~ 150 in water) 
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was used to excite fluorophores. In this chapter, we demonstrate that a 588-fold enhancement in 
fluorescence intensity can be achieved relative to an unpatterned glass slide by using three 
mechanisms together: (1) a narrowband TM resonance with a Q factor of 308 spectrally 
overlapping the Cy5 absorption spectrum intentionally designed to coincide with the incident 
TM-polarized laser wavelength for efficiently exciting Cy5, (2) a broadband TE resonance with a 
Q factor of 39 spectrally overlapping the Cy5 emission spectrum for efficiently redirecting TE-
polarized fluorescence emitted by Cy5 toward the detection instrument and (3) a porous GLAD-
deposited layer of dielectric TiO2 NRs on the PC surface to provide greater surface area for 
adsorption of fluorescent analytes within the volume where the resonant electric field coupling 
between the PC and the fluorophore is greatest. 
 
2.2 Experimental details 
 
2.2.1 Device fabrication 
Figure 2.1(a) shows a schematic cross section of the PC. We used a nanoreplica molding 
process to fabricate a linear grating structure with a period of 360 nm (50% duty cycle) and a 
depth of 60 nm in a low RI UV-cured polymer (UVCP) (nuvcp= 1.46). Next, a 300 nm SiO2 layer 
(nSiO2 = 1.46) was deposited by sputter deposition to serve as a spacer layer to prevent the 
evanescent electric field from extending into the UVCP layer in order to reduce undesirable 
background fluorescence from the UVCP material. A high RI TiO2 dense thin film with a 
thickness of 140 nm (nTiO2 = 2.3) was next deposited by sputter deposition, followed by the NR-
structured TiO2 film, deposited by the GLAD technique in an electron-beam deposition system 
(Temescal) [40, 41].  
 
21 
 
 Figure 2.1: (a) Schematic cross section of the PC. The dimensions are as follows: period Λ = 360 nm, grating depth 
d = 60 nm, SiO2 thickness tSiO2 = 300 nm, TiO2 thickness tTiO2 = 160 nm and NR-structured TiO2 thickness tnanorod = 
80 nm. The grating duty cycle is 50%, and the incident angle is labeled as θ. (b) SEM image of top view of a NR-
coated PC with 80 nm of NR TiO2. 
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The GLAD-deposited TiO2 had a depth of 80 nm, with a NR diameter of 30 nm, resulting 
in an effective RI of nnanorod = 1.46 measured by spectroscopic ellipsometry (Woolam). To ensure 
equivalence of the surface chemistry layers for the PC surface and glass slides used as an 
experimental reference, a 20 nm dense thin film of TiO2 was deposited onto the unpatterned 
glass microscope slides used in this study. Moreover, in order to calculate both enhanced 
extraction and the surface area effect on the enhancement factor, the same NR-structured TiO2 
film as PCs was deposited onto one of these TiO2-coated glass slides as an additional reference. 
Figure 2.1(b) shows a scanning electron microscope (SEM) image of the top view of the 
fabricated PC showing NRs uniformly coated onto the grating structure of a PC. 
 
2.2.2 Surface chemistry process and assay protocol 
In preparation for attachment of fluorescent-tagged protein, PCs, NR-coated glass slides 
and unpatterned reference glass slides were initially cleaned in O2 plasma for 3 min. An amine-
rich surface was provided by immersion in a 1% mixture of amine polymer solution (SRU 
Biosystems), incubated at room temperature for 24 h, and then washed with ultrapure water. 
Afterward, slides were immersed in a bifunctional linker solution of 25% glutaraldehyde (GA; 
C5H8O2; Sigma-Aldrich), incubated at room temperature for 6 h, and then washed in ultrapure 
water. Finally, four 1 µL droplets of Cy5-conjugated streptavidin (GE healthcare, absorption 
peak at 646 nm, emission peak at 664 nm) at a concentration of 10 µg mL−1 were hand-spotted 
onto the PCs, NR-coated glass slides and reference glass slides by using a pipette. The spots of 
liquid were allowed to incubate on the surface at 4 °C for 24 h, followed by a final wash step and 
dry in N2. 
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2.2.3 Device simulation 
A commercial software employing Rigorous Coupled-Wave Analysis (RCWA, R-Soft 
DiffractMOD) was used to study the characteristic response of PCs based on physical parameters 
of a PC structure such as grating period (Λ), grating depth (d), SiO2 thickness (tSiO2), TiO2 NR-
structured thickness (tnanorod), and material RI (nUVCP, nSiO2, and nTiO2) derived from section 2.2.1. 
To accurately obtain the value of the resonant wavelengths, we take into account the fact that 
both surface chemistry and hand-spotted Cy5-conjugated streptavidin on the PC surface also 
increases the effective RI of the resonant mode of the PC, resulting in a resonant wavelength 
shift in the measured transmission spectra. Accordingly, TiO2 thickness (tTiO2) was set as 147 nm 
to compensate for this effect based on the experimental data that adding an additional 1 nm 
thickness of a dense TiO2 layer results in a TM resonant wavelength shift of ~1 nm and that a 
TM resonant wavelength shift of ~7 nm arises from both surface chemistry and hand-spotting 
Cy5-conjugated streptavidin. Periodic boundary conditions were applied in the x direction, while 
the y direction was invariant. The TiO2 NR-structured film was modeled as a uniform layer with 
a constant nnanorod for all tnanorod since its feature size is much smaller than the resonant 
wavelengths, indicating that Mie and Rayleigh scattering can be ignored [29]. Only electric-field 
components are considered in this study since fluorescence processes mainly involve electric 
dipole oscillations.  
 
2.2.4 Spectral measurements 
A transmission set-up was used to monitor the peak wavelength value (PWV) of resonant 
reflection of the PC after adding each material onto the PC surface. The measured transmission 
spectrum has a transmittance minimum (dip) corresponding to a resonant reflectance maximum 
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(peak) at the resonant wavelength. The PC was mounted on an angular adjustment stage to allow 
rotation perpendicular to the incident light beam. A broadband tungsten-halogen lamp (Ocean 
Optics) connected to an optical fiber with a collimator lens was then used as the incident light 
source to illuminate the PC through a linear polarizer so that either the TM or TE resonance can 
be excited. The transmitted light was collected using a second optical fiber through a collimator 
lens, and fed into a spectrometer (USB 2000, Ocean Optics). In order to examine the angular 
dependence of PC resonant coupling, an experimental setup similar to the transmission set-up but 
using a HeNe (λ = 632.8 nm) laser, a rotational stage and a power meter was used to measure 
power transmittance as a function of the incident angle (θ) under TM-polarized HeNe laser 
illumination (Figure 2.2(d), inset). 
 
2.2.5 Fluorescence intensity measurements 
Fluorescence intensity measurements were gathered using a commercially available 
confocal microarray scanner (LS Reloaded, Tecan) equipped with a TM-polarized HeNe laser (λ 
= 632.8 nm), an emission filter centered at λ = 690 nm with a bandwidth of ∆λ = 40 nm 
(Semrock) and a user-adjustable angle of incident laser excitation to allow matching of the PC 
TM resonance with the incident laser wavelength. All PC slides, NR-coated glass slides and 
reference glass slides were scanned with identical parameters (pinhole, photomultiplier tube gain 
and resolution).  
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2.3 Results and discussion 
 
2.3.1 Optical characterization and simulated near-field distributions of PCs  
Figure 2.2(a) shows the simulated PC transmission spectra as a function of wavelength at 
normal incidence under TM-polarized light illumination (i.e. polarized on the x-z plane, as shown 
in Figure 2.1(a)) and TE-polarized light illumination (i.e. polarized along y axis). The simulated 
TM resonant wavelength was λTM = 633 nm with FWHMTM = 1.2 nm while the simulated TE 
resonant wavelength was λTE = 682 nm with FWHMTE = 38 nm. At normal incidence, the 
relationship between the resonant wavelength (λ) and the grating period (Λ) can be expressed by 
the second-order Bragg condition 
 
effnλ = Λ
 
(2.1) 
where neff is the effective RI of the resonant mode in the effective TiO2 layer. Therefore, the 
effective RI of the TM resonance was nTM = 1.758 for λTM = 633 nm and the effective RI of the 
TE resonance was nTE = 1.894 for λTE = 682 nm. The effective RI of the TM resonant mode is 
lower than that of the TE resonant mode because the energy of TM resonant mode is distributed 
within the lower RI NR structure to a greater extent, as shown in Figure 2.3. The resulting 
simulated Q factor of resonant modes are QTM = 527 and QTE = 18 based on simulated resonant 
wavelengths and linewidths. 
Figure 2.2(b) (curves (i)-(iv)) shows the measured PC transmission spectra after addition 
of successive material coating steps at normal incidence under TM-polarized white light 
illumination. Figure 2.2(b)(i) shows that the initial structure without NR deposition has a 
resonant wavelength of 592.41 nm with an FWHM of 8.16 nm. After the TiO2 NR deposition, 
the change in the superstrate from air (nair = 1) to a porous NR structure (nnanorod = 1.46) leads to 
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the decrease of the RI contrast relative to a dense nonporous high RI TiO2 layer (nTiO2 = 2.3). 
This in turn results in a narrower FWHM of 3.62 nm as well as a large PWV shift of 32.78 nm, 
as shown in Figure 2.2(b)(ii). The surface chemistry leads to an additional PWV shift of 3.87 nm 
and an FWHM of 2.06 nm because it increases the effective RI of the TM resonant mode, as 
shown in Figure 2.2(b)(iii). After hand-spotting Cy5-conjugated streptavidin on the PC surface, 
the final TM resonant wavelength was λTM = 632.18 nm with FWHMTM = 2.05 nm (QTM = 308) 
for TM-polarized light illumination and the final TE resonant wavelength was λTE = 681.36 nm 
with FWHMTE = 17.3 nm (QTE = 39) for TE-polarized light illumination, as shown in Figure 
2.2(b) curves (iv) and (v), corresponding to TM and TE curves in (a), respectively. The TM 
resonant wavelength of 632.18 nm closely matched the HeNe laser wavelength (λ = 632.8 nm) as 
well as the simulated TM resonant wavelength of 633 nm. More importantly, TM and TE 
resonances overlap the absorption and emission spectra of Cy-5, respectively. Compared with 
our previous work that utilized only the TE resonance for excitation [29, 39], this PC possesses a 
higher Q-factor, Q ~ 308 in TM resonance. 
Figure 2.2(c) and (d) show simulated and measured PC normalized transmitted power as 
a function of angle of incidence (θ) for a TM-polarized incident plane wave (λTM = 633 nm) and 
under TM-polarized HeNe laser (λ = 632.8 nm) illumination, respectively. Both simulation and 
experiment show that the coupling efficiency of the PC is sensitive to the angle orientation of the 
incident light. Maximum coupling efficiency occurs at the dip in transmitted power where the 
incident angle corresponds to the resonant angle, in this case, at θ = 0°. TM resonance is 
observable over a short range of angles centered at normal incidence, as the FWHM of 1.2° for 
simulation and FWHM of 0.2° for experiment, respectively. The discrepancy between measured 
and simulated Q factor likely arises because the simulation model does not take into account the 
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rounding and sidewall deposition that occurs during dielectric film sputtering which affects the 
duty cycle. Our model also does not account for the wavelength dependence of RI. 
 
 
Figure 2.2: (a) The simulated PC transmission spectra as a function of wavelength at normal incidence under TM-
polarized and TE-polarized light illumination. (b) The measured PC transmission spectra after addition of successive 
material coating steps at normal incidence under TM-polarized white light illumination. (i) The initial structure 
without NR deposition and spectral shifts of the resonance dip due to (ii) NR deposition, (iii) surface chemistry 
processes and (iv) hand-spotting Cy5, respectively. (iv) and (v) indicate the final transmission curves under TM-
polarized and TE-polarized white light illumination and correspond to TM and TE curves in (a), respectively. (c) 
The simulated and (d) measured PC normalized transmitted power as a function of incident angle for a TM-
polarized incident plane wave and under TM-polarized HeNe laser illumination, respectively. The inset shows the 
measurement set-up.  
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 Figure 2.3: The simulated PC near-electric-field intensity profiles (E2) for a normally unit incident plane wave for 
(a) the resonant mode at λTM = 633 nm for TM-polarized incidence and (b) the resonant mode at λTE = 682 nm for 
TE-polarized incidence. The color scale associated with each figure represents the intensity of electric field and is 
normalized to the unit intensity incident wave. 
 
Since the fluorophore excitation rate is proportional to the near-electric-field intensity [42, 
43], the fluorescence enhancement can be estimated by calculating the square of the amplitude of 
near-electric field at the surface of the PC. Figure 2.3(a) and (b) show the simulated PC near-
electric-field intensity profiles (E2) for a normally unit incident plane wave for the resonant mode 
at λTM = 633 nm for TM-polarized incidence and the resonant mode at λTE = 682 nm for TE-
polarized incidence, respectively. For the TM resonance case, the continuity requirement of the 
displacement field at the interface between lower RI NR structure and higher RI TiO2 layer 
indicates that the greater electric field appears in the low RI NR structure rather than in high RI 
TiO2 layer, and therefore most intense near-electric-field intensities concentrate within the NR 
structure, in contrast to the TE resonance case. Since the TM resonance spatially extends into 
both the low RI NR structure and the high RI TiO2 layer, it has a lower effective RI than the TE 
resonance. The spatial average of E2 within the whole NR volume and 20 nm above the NR 
surface was calculated to be 66.6 (V m−1)2 and 39.0 (V m−1)2 for the TM resonant mode as 
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compared to 2.0 (V m−1)2 and 3.1 (V m−1)2 for the TE resonant mode. Consequently, it is obvious 
from these calculations that the fluorophore excitation rate can be greatly increased if the PC is 
engineered for a high-Q TM resonant condition to provide enhanced excitation. In addition, the 
TM resonance extends more fully into the superstrate media than the TE resonance, resulting in 
more effective resonant coupling to adsorbed fluorophores.  
 
 
Figure 2.4: (a) Fluorescence images of Cy5-conjugated streptavidin spots for the PC with on- (θ = 0°) and off- (θ = 
20°) resonance conditions, the NR-coated glass slide (θ = 0°) and the reference glass slide (θ = 0°). The color scale 
represents the fluorescent intensity. (b) Corresponding line profiles for a cross section of fluorescent spots (red line 
in (a)) plotted on a logarithmic scale. 
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2.3.2 Experimental measurements of enhancement factors  
Figure 2.4(a) shows scanned fluorescent images of the PC under on/off-resonance 
conditions, the NR-coated glass slide and the reference glass slide with a dense 20 nm TiO2 
coating. For PC slides, the on-resonance condition occurs when θ = 0° because the TM resonant 
wavelength of 632.18 nm closely coincides with the laser wavelength of 632.8 nm, while 20° is 
defined as off-resonance where TM resonant wavelength is far away from the laser wavelength. 
For the glass reference slides, there is no scan angle dependence since no resonant condition 
exists, and hence we choose θ = 0° as the scan angle. Once digital image files were obtained, 
Array-Pro Analyzer software was used to quantify spot and background fluorescence intensities 
and MATLAB software was used to read the image files to generate corresponding line profiles 
of the fluorescence intensity across all spots, as plotted on a logarithmic scale in Figure 2.4(b). 
 
Table 2.1: Raw spot and background intensities for the PC with on- (θ = 0°) and off- (θ = 20°) resonance conditions, 
the NR-coated glass slide (θ = 0°) and the reference glass slide (θ = 0°). After subtracting the background intensity, 
the enhancement factors are determined. 
 
Spot intensities (counts) Background intensities (counts) Enhancement factors 
PC 
(θ=0°) 
(S1) 
PC 
(θ=20°) 
(S2) 
NR glass 
(θ=0°) 
(S3) 
Glass 
(θ=0°) 
(S4) 
PC 
(θ=0°) 
(B1) 
PC 
(θ=20°) 
(B2) 
NR glass 
(θ=0°) 
(B3) 
Glass 
(θ=0°) 
(B4) 
PC-on/ 
PC-off  = 
(S1-B1)/ 
(S2-B2) 
PC-off/ 
NR glass = 
(S2-B2)/ 
(S3-B3) 
NR glass/ 
Glass = 
(S3-B3)/ 
(S4-B4) 
PC-on/ 
Glass = 
(S1-B1)/ 
(S4-B4) 
51019±2792 2055±72 334±20 99±7 30±3 16±2 14±2 12±2 25±1.3 6.4±0.4 3.7±0.3 588±45.8 
 
 
Table 2.1 lists the quantitative results of the fluorescence measurements of Figure 2.4 for 
PC on-resonance (θ = 0°) and off-resonance (θ = 20°), the NR-coated glass slide (θ = 0°) and the 
reference glass slide (θ = 0°). For each spot shown in Figure 2.4, the net fluorescence intensity 
was calculated by the spot intensity minus the local background intensity. After subtracting the 
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background, the mean spot intensity for the PC at the on-resonance condition was enhanced by 
588× relative to that for the reference glass slide. We attribute this enhancement mainly to the 
product of the enhanced excitation effect, the enhanced extraction effect and the enhanced 
surface area provided by the NR coating, which can be expressed by the following equation: 
 
(  ) (  ) (  )  
(  )  
PC on res PC on res PC off res NR Glass
Glass PC off res NR Glass Glass
= × ×
 
(2.2) 
The magnitude of the enhanced excitation effect can be measured by the ratio of 
fluorescent intensity for PC on-resonance versus PC off-resonance because the enhanced near-
electric field is only active when the PC is illuminated in the on-resonance condition. Enhanced 
excitation can be attributed to the enhanced near-electric-field intensity (E2) of the TM resonant 
mode used to excite the fluorophores and the spatial distribution of the TM mode within the NR 
volume, where adsorption of fluorescent species occurs. For the TM resonance, the most intense 
E2 is distributed in the proximity of the porous NR surface rather than within the dense 
nonporous high RI TiO2 layer [26, 36]. Furthermore, average E2 is proportional to Q factor at the 
resonant wavelength, and therefore these TM resonant characteristics will efficiently excite Cy5 
in the vicinity of the porous NR material. The magnitude of the enhanced extraction effect can be 
measured by the ratio of fluorescent intensity for PC off-resonance versus the NR-coated glass 
surface because no near-electric field is created to stimulate Cy5 when the PC is operated in the 
off-resonance condition. Enhanced extraction results from redirection of TE-polarized 
fluorescence emitted by Cy5 toward the detection instrument via coupling to the TE resonant 
mode of the PC, which is designed to spectrally overlap the emission spectrum of Cy5. Therefore, 
through the use of a low-Q TE resonance, the bandwidth of the TE resonance of the PC roughly 
matches the emission spectrum of Cy5. The contribution of the enhanced surface area effect to 
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the overall enhancement factor can be determined by the ratio of fluorescent intensity for NR-
coated glass surface versus the unpatterned reference surface, which indicates that the porous NR 
structure provides 3.7× more surface area available for fluorophore-PC interaction. This surface 
area enhancement is similar to that previously characterized (reported) for similar NR films [40]. 
 
 
Figure 2.5: (a) Absorption and emission spectra of Cy5. (b) Experimentally measured angular dispersion of PC for 
both TM and TE-polarized illumination. The excitation wavelength is denoted by a dashed black line at 632.8 nm 
and the wavelength range of the emission filter is illustrated by a solid black box between 670 and 710 nm. 
 
Figure 2.5 illustrates the detailed PCEF mechanism in this work. We employ two distinct 
PC resonances to improve fluorescence enhancement. The detection of fluorescent molecules on 
a PC surface can be substantially magnified through the combined effects of resonance-enhanced 
excitation of the fluorescent dye, resonance-enhanced extraction of the fluorescence emission 
and a dielectric nanorod surface coating increasing the surface area available for fluorophore-PC 
interaction. Enhanced excitation is obtained by engineering a high-Q TM resonant mode to 
efficiently couple with an incident TM-polarized λ = 633 nm laser for exciting Cy5. Enhanced 
extraction results from a low-Q TE resonance designed to spectrally overlap the Cy5 emission 
spectrum for channeling TE-polarized emission towards the detection instrument.  
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2.4. Conclusion 
In this chapter, we have experimentally demonstrated that a linear grating PC surface 
incorporating a highly porous NR-structured TiO2 layer exhibits fluorescence enhancement of up 
to 588× in comparison to an unpatterned glass slide. The enhancement is derived through the use 
of a high-Q TM resonance for excitation of Cy5 and a low-Q TE resonance for extraction of 
emission from Cy5, in combination with a large, highly porous surface area that allows 
fluorophores to penetrate and increases the interaction of adsorbed fluorophores with the volume 
adjacent to the PC surface where fluorophore-PC interaction is strongest. This significant 
increase in fluorescence enhancement enables better fluorescence detection sensitivity for a wide 
range of fluorescence-based assays such as gene expression assays and protein biomarker assays 
than as assay on an optically passive substrate. 
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CHAPTER 3: PLASMONIC COUPLING OF SIO2-AG “POST–CAP” 
NANOSTRUCTURES AND SILVER FILM FOR SURFACE ENHANCED RAMAN 
SCATTERING 
 
3.1 Introduction 
Surface enhanced Raman Spectroscopy (SERS) is a powerful method for increasing the 
cross section of Raman scattering, allowing for sensitive and selective detection of low 
concentration chemical and biological analytes. SERS amplification derives mainly from the 
electromagnetic interaction of light with metals, which produces large enhancement of the 
electromagnetic fields from a laser illumination source by exciting localized surface plasmon 
(LSP) resonance of nanoscale metal features [21]. Due to the ability of metal nanoparticles to 
concentrate electromagnetic fields within several nanometers of their surface, electrons 
associated with the high field region experience intense oscillation, resulting in generation of an 
elevated rate of Raman scattering events. SERS structures of this variety have included structures 
intentionally fabricated to include nanometer-scale points and tips for focusing electromagnetic 
energy into subdiffraction limited volumes [44, 45]. Recently, several promising approaches for 
generating even greater SERS enhancements have taken advantage of the large electromagnetic 
fields that can be generated between adjacent metal regions separated by a dielectric gap 
(typically air) of 5–20 nm. The resulting electromagnetic “hot spots” have demonstrated peak 
SERS enhancement factors (EFs) as high as 108 – 1011 [46-49]. Recent reports have shown that a 
peak EF of 107 ‒ 108 is sufficient for SERS detection of individual molecules [50, 51]. However, 
while a high EF is obtained within the hot spot, the area density of hot spots may result in only a 
small fraction of the total surface area of a SERS substrate that is active. Experimentally 
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measured ensemble-averaged SERS enhancements are 105 ‒ 107 despite the presence of hot spots 
with substantially higher EF [48, 52-54]. 
A limitation that is preventing widespread adoption of the majority of SERS approaches 
is their fabrication by multistep microfabrication processes and/or low throughput and costly 
patterning approaches such as electron beam lithography or focused ion beam milling that are 
currently required to precisely define the nanostructure’s size and shape [45-47]. For SERS to 
find widespread application in routine chemical analysis, manufacturing process control, point-
of-care diagnostics, and pharmaceutical research, the SERS device structure must be 
inexpensively manufacturable over large surface areas while providing a robust area-averaged 
enhancement factor. The glancing angle deposition (GLAD) technique has been demonstrated to 
be a simple, highly reproducible, and inexpensive method for fabrication of metallic 
nanostructures with high SERS enhancement factor due to its ability to produce randomly 
distributed nanoparticles with small gap size [41].  
In this chapter, we use the GLAD technique to fabricate a high density coating of 
freestanding Ag nanoparticles that are supported vertically by SiO2 dielectric post spacers over a 
silver-coated glass surface. Numerical simulations of the “post-cap” structure morphology are 
used to visualize the locations and overall density of hot spots under illumination by different 
excitation polarizations. Strong polarization dependence of SERS enhancement is demonstrated 
from both numerical simulation and measured SERS spectra. By altering the SiO2 post spacer 
height, optimization of the interaction between the Ag nanoparticles and the underlying silver 
film can be achieved to maximize the local electric-field intensity and to increase density of hot 
spots, leading to a maximum SERS EF of 2.38 × 109 within the hot spot region and a spatially 
averaged EF of 2.57 × 106. 
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3.2 Experimental details 
 
3.2.1 Device fabrication 
Figure 3.1(a) schematically illustrates a cross section of the SERS substrate comprised of 
SiO2–Ag “post-cap” nanostructures with an underlying continuous silver film (metal-SERS). To 
fabricate the Ag film, clean glass slide surfaces were precoated with a 200 nm silver thin film in 
an electron-beam evaporation system (Temescal). The GLAD technique was used to sequentially 
form both SiO2 “post” and Ag “cap” nanostructures over large silver-coated surfaces in a single 
deposition run. For the GLAD process, the slides were first attached to a circular plate equipped 
with a programmable rotation motor in the electron-beam evaporation system (Temescal) with a 
deposition rate of 5 Å/s for both materials. The angle between substrate surface and the incoming 
flux of evaporated material was set to be 5° for self-shadowing and limited surface diffusion. The 
plate was alternately rotated between 0° and 180° about its normal axis at 10 s intervals until an 
in-situ quartz crystal deposition monitor showed that the target SiO2 post thickness had been 
reached. Next, the deposition source was switched to a silver crucible, and the same deposition 
process was performed for creating 30 nm Ag caps to complete the device. For comparison, the 
identical SiO2–Ag “post-cap” nanostructures were also deposited onto an ordinary glass substrate 
without a silver film coating (glass-SERS). Figure 3.1(b) shows a cross-sectional scanning 
electron microscope (SEM) image of SiO2–Ag “post-cap” nanostructures with 20-nm-tall SiO2 
dielectric posts and free-standing Ag metallic caps with a height of 30 nm, fabricated upon a 
silicon substrate to facilitate imaging. Figure 3.1(c) presents the top-view SEM image of the 
fabricated metal-SERS substrate showing a high density coating of electrically isolated Ag caps. 
A zoomed-in top-view SEM image shown in Figure 3.1(d) indicates that the gap size between 
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particles ranges from 5 to 20 nm. This image is also used as the two-dimensional geometry for 
electromagnetic simulation analysis. 
 
 
 
Figure 3.1: (a) Schematic illustration (not to scale) of the cross section of the SiO2–Ag “post-cap” nanostructures 
on silver thin film (metal-SERS). (b) Cross-sectional SEM image of SiO2–Ag “post-cap” nanostructures on a silicon 
substrate. (c) Top-view SEM image of metal-SERS substrate. (d) Zoomed-in top-view SEM image of metal-SERS 
substrate. 
 
3.2.2 Computational analysis of SERS enhancement 
To determine the near-field SERS gain at the surface of metallic nanoparticles, it is 
generally agreed that SERS enhancement (GSERS) is proportional to the product of the local 
electric-field intensity enhancement at the incident laser and the Raman scattered wavelength 
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when the electromagnetic models consider a molecule close to a metallic surface as a polarizable 
point dipole, which can be expressed as [55]: 
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∝  (3.1) 
where Eloc(λexc) and Einc(λexc) are the local and the incident electric fields at the laser excitation 
wavelength, respectively. Eloc(λRaman) and Einc(λRaman) represent the local and the incident electric 
fields, created and radiated by the analyte molecules close to a metallic surface, at the Raman 
scattered wavelength. In order to investigate the spatial distribution of GSERS of our metal-SERS 
substrate, finite difference time domain (FDTD) method was used to study the spatial product of 
near-field intensity enhancements in response to a normally incident plane wave from a HeNe 
laser (λ = 632.8 nm) and the Raman scattered wavelength (λ = 692.5 nm) corresponding to a 
Raman shift of 1363 cm−1 from the SEM image, as shown in Figure 3.1(d). As shown in Figure 
3.1(b), the SiO2 post layer has a smaller x-y cross-sectional area than the Ag cap layer. For 3D 
modeling simplicity, the SiO2 post layer was assumed to possess the same cross-sectional area in 
the x-y plane as the Ag cap layer, and SiO2 post and Ag cap layer thicknesses are set to be 20 and 
30 nm, respectively. The optical properties of Ag and SiO2 were taken from Palik’s handbook 
[56]. Perfectly matched layers are imposed at boundaries of the propagation direction to absorb 
incident radiation. 
 
3.2.3 Raman instrumentation 
SERS spectra were measured by using a Raman microscope equipped with a 17 mW 
HeNe laser (λ = 632.8 nm) and a 5× objective (NA = 0.12) (Renishaw inVia). The laser power at 
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the exit of the objective is 10.56 µW with an integration time of 20 s. Rhodamine 6G (R6G) was 
used as an analyte due to its strong Raman scattering cross section.  
 
3.2.4 SERS enhancement factor (EF) calculations 
The calculation of the SERS EF for metal-SERS substrate from experimental 
measurements is based on the following equation [21]: 
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where ISERS(λRaman) is the SERS intensity at 1363 cm−1 shift from SERS spectrum of 1 µM R6G 
on the metal-SERS substrate, Ibulk(λRaman) is the nonenhanced Raman intensity at the 1363 cm−1 
shift from the Raman spectra of 1 mM R6G on the reference sample, Nbulk is the number of R6G 
molecules within excitation laser spot on the reference sample, NSERS is the number of R6G 
molecules excited by the enhanced electric field within the hot spot region on metal-SERS 
substrate. Nbulk was calculated by the following equation [57]: 
 
2
4bulk ref A
N c N d hπ=  (3.3) 
where cref is the molar concentration of the R6G on the reference sample (1 mM), NA is 
Avogadro’s number, d is the spot size diameter of the excitation laser, and h is the thickness of 
the R6G spot on the reference sample. NSERS was calculated by the following equation [21]: 
 
SERS AN cN V=  (3.4) 
where c is the molar concentration of the R6G on metal-SERS substrate (1 µM), NA is 
Avogadro’s number, and V is the volume of total hot spots within the excitation laser spot size 
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and was determined from the 3D FDTD simulation. Because the number of hot spot “voxels” (i.e. 
volume pixels) in the entire simulation area (290 × 180 nm2) for metal-SERS substrate was 
calculated as 6704 nm3, V approximated to 2.27 × 109 nm3. Therefore, the SERS EF for metal-
SERS substrate within the hot spot regions was calculated to be 2.38 × 109. 
 
3.3 Results and discussion 
 
3.3.1 Simulated near-field distributions and experimental SERS measurements 
Figure 3.2 (a) and (b) show the effects of incident light polarized along x and y axes on 
GSERS, respectively. Simulated GSERS maps indicate that the SERS intensity is maximized when 
the incident light is polarized along the x axis while minimized when polarized along the y axis. 
The observed polarization dependence occurs due to the self-shadowing effect of the GLAD 
process, in which individual nanoparticles are oriented mainly in the direction of the incoming 
flux of evaporated material, (i.e., y axis), resulting in a greater number of gaps along the x axis. 
Light polarized across these gaps can form hot spots, which are positioned at the gap edges 
where the greatest enhanced electric field is created. In our analysis, a hot spot is defined as the 
point where the spatial GSERS value is larger than a GSERS threshold (105), and the dimension of 
the hot spot is its spatial grid volume (1 nm3) around and within the gap. This thresholding 
enables a calculation of the number of hot spot “voxels” (i.e. volume pixels) in the entire 
simulation volume. In the following discussion, each voxel with GSERS ≥ 105 is counted as a 
single hot spot. The ratio of the number of hot spots for Figure 3.2(a) compared to 3.2(b) is 
calculated to be ~3. For comparison, a simulated GSERS map for glass-SERS substrate is shown in 
Figure 3.5. The strong dependence on the polarization of the laser beam is also observed in the 
correspondingly measured SERS spectra of 10 µM R6G on metal-SERS substrate shown in 
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Figure 3.2(c). SERS intensities at 1363 cm−1 shift approximately increase by twofold when the 
laser beam’s polarization is switched along the x axis. All SERS spectra and data reported in this 
chapter were the result of linearly polarized light along the x axis. 
 
 
 
Figure 3.2: (a) and (b) Computer-simulated SERS enhancement maps of GSERS for the SEM image shown in Figure 
3.1(d) for normally incident light polarized along x and y axes, respectively. (c) Correspondingly measured SERS 
spectra of 10 µM R6G on metal-SERS substrate. 
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In order to examine the plasmonic coupling of the Ag caps and the silver film, the 
maximum GSERS value and number of hot spots calculated from 3D FDTD modeled metal-SERS 
map as a function of SiO2 post thickness are shown in Figure 3.3. It should be noted here that 
GSERS and hot spots from those grid points located within the SiO2 post layer are not included in 
GSERS and hot spot plots of Figure 3.3 because analyte molecules cannot penetrate into the solid 
dielectric material and collective charge oscillations occur at a metal-dielectric interface. When 
the thickness of the SiO2 post spacer is 10 nm, the most intense electric-field intensities are 
confined within the SiO2 post layer, resulting in a dip in the maximum GSERS plot and the low 
density of hot spots at the metal-dielectric interface. When the thickness of the SiO2 post spacer 
is increased to 20 nm, both maximum GSERS and the number of hot spots reach their maximum 
values, which can be attributed to a strong coupling between LSPs on the Ag caps and the 
surface plasmon polaritons (SPPs) on the silver film [58]. This strong coupling leads to a 6-fold 
increase in number of hot spots relative to the structure with a 10-nm-thick SiO2 post layer, 
because the most intense electric-field intensities concentrate within gaps rather than within the 
high refractive index SiO2 post layer. Afterward, both maximum GSERS and the number of hot 
spots decrease as the thickness of the SiO2 post spacer is increased beyond 20 nm due to a 
weaker plasmon interaction effect. The inset in the figure presents the SERS spectra of 1 µM 
R6G on metal-SERS with different SiO2 post spacer thickness ranging from 10 to 40 nm for a 
fixed Ag cap thickness of 30 nm. Intensities of SERS spectra dependence on SiO2 post spacer 
thickness show a very good agreement between the experimentally measured SERS spectra and 
the calculated number of hot spots. 
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Figure 3.3: Plot of the maximum GSERS (red circles, left axis) and the number of hot spots (blue squares, right axis) 
calculated from the 3D FDTD modeled metal-SERS GSERS map as a function of SiO2 post thickness for a fix Ag cap 
thickness of 30 nm. The inset shows SERS spectra of 1 µM R6G on metal-SERS with different SiO2 post thickness 
ranging from 10 to 40 nm for a fixed Ag cap thickness of 30 nm. 
 
3.3.2 SERS enhancement factor (EF) measurements 
For experimental verification of SERS performance of metal-SERS, SERS spectra of 1 
µM R6G on metal-SERS, glass-SERS substrates and an ordinary glass substrate directly 
deposited with 30 nm Ag caps without a SiO2 post layer, and 1 mM R6G on an ordinary glass 
substrate coated with a 200 nm silver thin film as a reference were measured and compared, as 
shown in Figure 3.4. Based on our previous method [57], the experimentally measured average 
EF for glass-SERS substrate with a SiO2 post thickness of 20 nm and Ag cap height of 30 nm 
was calculated to be 1.66 × 105 by using the intensity at 1363 cm−1 shift. This spatially averaged 
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EF is mainly due to LSP hybridization of the dielectrically isolated Ag caps [59]. This SiO2–Ag 
“post-cap” configuration provides approximately one order of magnitude greater SERS signal 
than the Ag cap-coated glass substrate (without posts) because a greater number of R6G 
molecules can occupy the volume surrounding the Ag on all sides. The SERS EF for the metal-
SERS substrate with the same “post-cap” nanostructure was calculated from experimental 
measurements shown in Figure 3.4 to be 2.38 × 109 with a spatially averaged EF of 2.57 × 106. 
An additional 15-fold increase in the spatially averaged EF compared to the glass-SERS 
substrate can be attributed to the interaction between the LSPs on the Ag caps and their image 
charges on the underlying silver film [55, 60]. 
 
3.4 Conclusion 
In this chapter, we have demonstrated that a SERS substrate comprised of SiO2–Ag 
“post-cap” nanostructures with an underlying continuous silver film can be fabricated using a 
low-cost, large-area, and high-throughput GLAD technique. Both FDTD simulation results and 
experimentally measured SERS spectra confirm that the SERS enhancement is strongly 
polarization-dependent, where the polarization is due to the orientation of the substrate with 
respect to the deposition source in the GLAD process. Furthermore, by changing the thickness of 
the SiO2 spacer sandwiched between the Ag caps and the silver film, strong coupling between 
LSP and SPP can be achieved to substantially enhance the near-electric-field intensity and to 
increase the density of hot spots at the edge of the gaps. An experimentally measured SERS EF 
of 2.38 × 109 was obtained. The metal film/SiO2 post/Ag cap structure provides a 180-fold 
increase in the spatially averaged EF relative to GLAD-deposited Ag caps on a glass substrate. 
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Figure 3.4: Comparison of SERS spectra of 1 µM R6G on metal-SERS, glass-SERS, Ag cap-coated glass substrate, 
and 1 mM R6G on reference sample without “post-cap” nanostructures (the reference spectrum was multiplied by a 
factor of 100 in the plot). 
 
Figure 3.5: Computer-simulated SERS enhancement map of GSERS for glass-SERS substrate for a normally incident 
light polarized along x. The number of hot spots is 3514 in comparison to 6704 for Metal-SERS substrate.  
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CHAPTER 4: PLASMONIC NANOGAP-ENHANCED RAMAN SCATTERING USING 
A RESONANT NANODOME ARRAY 
 
4.1 Introduction 
Metallic nanostructures exhibit their remarkable and unique optical properties due to the 
excitation of either surface plasmon-polariton (SPP) or localized surface plasmon-polariton (LSP) 
modes. In the past decade, these phenomena have been used for a wide range of applications in 
biological and chemical detection such as metal-enhanced fluorescence [61, 62], label-free 
surface plasmon resonance (SPR) or LSP resonance (LSPR) sensing [21, 63], and surface-
enhanced Raman scattering (SERS) [64, 65]. These phenomena have been applied to devices that 
include plasmonic tweezers [66, 67], lasers [68, 69], and solar cells [70, 71]. Among these 
applications, SERS spectroscopy is a powerful and versatile tool for both qualitative and 
quantitative analysis of chemical constituents and structure by increasing the Raman scattering 
cross-sections of analytes residing in close proximity to a metallic nanostructure that supports 
highly concentrated electromagnetic (EM) fields associated with LSPR at EM hot spots. It has 
been shown that SERS spectroscopy has opened the way to a simple yet effective approach for 
chemical and biological sensing and identification [72, 73], extending to the potential for 
selective detection of single molecules [74, 75].  
There are many approaches reported in the literature for producing SERS-active surfaces, 
which can be broadly categorized into two groups: randomly roughened surfaces [46, 76-81] and 
ordered nanoparticle arrays [48, 53, 57, 82-91]. Randomly roughened surfaces (this group may 
also include individual nanoparticles) typically exhibit localized positions of high enhancement 
arising at sharp corners or at junctions of randomly formed protrusions. This enhancement can be 
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further enhanced when two metallic nano-objects are brought very close to each other. The LSP 
modes of each nano-object then interact with each other and form hybridized or gap surface 
plasmon-polariton (SPP) modes, particularly suitable for single-molecule detection [74, 75]. 
However, due to the intrinsic large variation of enhancement and the difficulty of predicting the 
optical response of such random structures, this approach is not suitable for reproducible SERS 
measurements with a well-characterized enhancement factor (EF). On the other hand, due to the 
ability to accurately design and model/engineer structures with nanometer scale precision, 
nanoparticle arrays enable us to select geometric variables (e.g., size, shape and period) and to 
tailor the optical properties of a structure for boosting the SERS EF in a predictable way. 
Typically, such ordered arrays can provide a high EF that is uniform and reproducible for 
applications that require quantitation of analyte concentration. However, the majority of such 
approaches are not commercially feasible for single-use disposable detection applications due to 
multistep nanofabrication processes and/or low throughput and costly patterning approaches 
(such as electron beam lithography or focused ion beam milling). For SERS to find widespread 
applications in routine chemical analysis, manufacturing process control, point-of-care 
diagnostics, and pharmaceutical research, the SERS device structure must be inexpensively 
manufacturable over large surface areas while providing a robust EF. 
In this chapter, we experimentally and numerically demonstrate that spectral LSP 
properties of plasmonic nanodome array (PNA) substrates fabricated using a low-cost, large-area 
nanoreplica molding process can be tailored toward maximizing SERS EF by controlling the 
thickness of a single SiO2 thin film layer. We observe a small blueshift of the LSPR wavelength 
and no change in SPR wavelength as we decrease the dome-to-dome gap spacing. When inter-
dome spacing is reduced to ~10 nm, the intense EM intensities associated with LSPR spatially 
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concentrated within the nanogaps form EM hot spots with a density of 6.25 × 106 mm−2. 
Measured SERS spectra show that Au-PNA substrates with 10-nm gap spacing exhibit a reliable 
spatially averaged SERS EF of 8.51 × 107. We compare the performance of Ag-PNA substrates, 
Au-PNA substrates, and a commercially available SERS substrate. In this study, we perform 
electromagnetic computer simulations to determine how the PNA dimensional parameters affect 
the near-field and far-field characteristics, demonstrating excellent agreement with 
experimentally measured characteristics. Detection of urea in solution is used to demonstrate the 
clinical potential for in-line, real-time monitoring of urinary metabolite concentration. 
 
4.2 Experimental details 
 
4.2.1 Device fabrication 
To produce a template used for the molding, nanoimprint lithography (Molecular 
Imprints) and reactive ion etching were used to pattern an 8-inch diameter silicon wafer with a 
two-dimensional array of 250 nm diameter holes (period = 400 nm, depth = 130 nm), in 8 × 8 
mm2 dies with overall feature dimensions of 96 × 64 mm2. Next, a negative volume image of the 
silicon surface structure was formed by dispensing liquid UV curable polymer (Gelest) droplets 
(total volume of ~500 µL) and distributing between the silicon wafer and a 200 µm thick flexible 
polyethylene terephthalate (PET) sheet using a roller. Based on the polymer dispense volume and 
the distributed area, the spacing between the silicon wafer and the PET sheet is ~10 µm. After 
curing by exposure to UV light, the molded structure was released from the wafer by peeling 
away the PET, resulting in a polymer replica of the silicon wafer structure adhering to the PET 
sheet. To minimize the separation distance between adjacent polymer cylinders, i.e. Λ–d, we 
control the thickness of the SiO2 film (applied by sputter deposition) which conformally coats the 
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surface of cylinders, where their diameter increases with increasing SiO2 thickness. To complete 
the fabrication, the PNA surface was blanketed with a 10 nm Ti adhesion layer and then a 200-
nm-thick Ag or a 160-nm-thick Au film in an electron beam evaporation system (Temescal). 
 
4.2.2 Reflection measurements 
In order to understand the LSPR wavelength dependence on inter-dome spacing (s), far 
field reflection measurements of the PNA substrates deposited with varied SiO2 thicknesses were 
carried out using an Axio Observer D1 inverted microscope (Carl Zeiss, Inc.) with white light 
provided by a halogen lamp at normal incidence and a 10× objective (NA = 0.25) connected to a 
VIS-NIR spectrometer (Control Development, Inc.) through an optical fiber. For reflection 
measurements of PNA substrates immersed with water covering the surface, a water droplet (10 
μL) was hand-spotted onto the nanodome surface, and covered with a microscope cover glass 
prior to measurement. All reflection spectra were collected against a 200-nm-thick mirror-like 
Ag film over microscope glass slide as the reference. For reflection measurements of Klarite and 
Au-coated PNA substrates, a 200-nm-thick Au film deposited upon a glass slide was used as the 
reference. 
 
4.2.3 Device simulation 
A commercial software package (FDTD Solutions, Lumerical Solutions Inc.) was used to 
simulate the optical responses of Ag-PNA structures. The structure was excited by a normally 
incident, unit magnitude plane wave propagating in the ‒z direction with an electric field 
polarization along the x-axis. In order to decrease the computation time, periodic anti-symmetric 
and symmetric boundary conditions were imposed at x and y boundaries of the x-y plane, 
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respectively. Perfectly matched layers are imposed at boundaries of the propagation direction to 
properly absorb incident radiation. Monitors were placed to calculate the amount of reflected, 
transmitted, absorbed power as a function of wavelength. The optical properties of Ag and SiO2 
were taken from Palik’s handbook [56]. 
 
4.2.4 Raman measurements 
Raman measurements were carried out by using a Renishaw inVia Raman microscope 
equipped with a 8 mW HeNe laser (λexc = 632.8 nm), a 200 mW NIR diode laser (λexc = 785 nm), 
and a 5× objective (NA = 0.12) with a working distance of 14 mm. The measured HeNe laser 
power at the exit of the objective is respectively 23 and 112 µW on measurements of R6G on 
Ag-PNA and BPE on Au-PNA substrates, and the measured NIR diode laser power at the exit of 
the objective is respectively 7.8 and 30.2 mW on urea detection on Au-PNA and Ag-PNA 
substrates. The laser power of 1.24 mW was delivered to the Klarite substrate for both the HeNe 
and the NIR diode lasers. The scattered photons were collected by the same objective lens and 
sent through a holographic notch filter and a Peltier-cooled CCD detector to acquire SERS 
spectra. All experimental data were gathered using a linearly polarized laser beam oriented in the 
x-axis with an integration time of 10 s. 
 
4.3 Results and discussion 
 
4.3.1 Optical characterization of Ag-PNA 
Figure 4.1(a) shows a schematic cross section of a two-dimensional Ag-PNA structure 
comprised of an Ag film, a SiO2 film, and a replica-molded UV curable polymer (UVCP) layer 
fabricated upon a flexible polyethylene terephthalate (PET) substrate. In order to produce PNA 
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substrates with a process that is amenable to manufacturing scale-up, we used a large-area 
nanoreplica molding process to fabricate a two-dimensional square lattice of cylinders with a 
period (Λ) of 400 nm, a diameter (d) of 250 nm, and a height (h) of 130 nm using a low 
refractive index (RI) UVCP (Gelest Inc.) layer over an area of 150 × 100 mm2 [57]. Figure 4.1(b) 
shows a photograph of an Ag-PNA on a flexible PET substrate, over a 75 × 100 mm2 surface 
area. Each Ag-PNA die (orange colored in the photo) is 8 × 8 mm2 with a density of 6.25 × 106 
mm−2 hot spots, which are located between adjacent nanodomes. Figure 4.1(c) and (d) show 
scanning electron microscope (SEM) images of the resulting Ag-PNA with square lattice 
symmetry. 
  
 
 
Figure 4.1: (a) Schematic cross-sectional illustration of two Ag-PNA unit cells. (b) Image of the completed 
nanodome array substrate fabricated on a flexible PET sheet. (c) and (d) SEM images of the Ag-PNA surface. 
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To excite the LSPR of metallic nanoparticles, it is necessary to provide an electric field 
component normal to the metal-dielectric interface, resulting in an LSPR excitation condition 
that is strongly polarization-dependent [92]. For the case of two “isolated” adjoining 
nanoparticles or dimer structures illuminated by light polarized parallel to the interparticle axis, 
the induced charges accumulating on the opposite sides of the inter-particle gap attract each 
other, resulting in a reduced restoring force inside each nanoparticle when compared with that 
inside a single nanoparticle and thus in a longer LSPR wavelength (λLSPR). Likewise, incident 
light that is polarized perpendicular to the interparticle axis results in accumulation of charge 
with identical polarity on opposite sides of the gap, which repel each other, and thus result in a 
decrease in λLSPR. The inter-particle plasmon coupling causes a remarkable redshift in the 
spectral position of the LSPR extinction maximum with decreasing gap spacing for the parallel 
polarization and a less pronounced blueshift for the perpendicular polarization [25]. However, in 
the PNA structure, in which neighboring nanodomes are connected with a continuous 200-nm-
thick metal film, the region within the dome-to-dome gap spacing can be considered to act as a 
vertical plasmonic nanocavity [93], and therefore the spectral position of LSPR associated with 
the geometrical dimensions of such a nanocavity is mainly determined by inter-dome separation 
distance (s) and cavity length (l), shown in Figure 4.1(a), as well as the material parameters of 
the metal and the dielectric environment.  
Figure 4.2 shows experimental reflection spectra measured with air (Figure 4.2a) and 
water (Figure 4.2b) media covering an Ag-PNA surface for four different inter-dome separation 
distances (s = 37, 26, 10, and ~0 nm). Their SEM images are correspondingly shown in Figure 
4.2(c). Because Ag-PNA substrates coated with a fixed 200-nm-thick silver film are not 
transparent in the visible regime, LSPR extinction spectra are measured in reflectance mode and 
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reflectance minimum wavelength (λmin) corresponds to LSPR extinction maximum wavelength 
(λLSPR). For plasmon resonances at λLSPR marked by I, J and K in Figure 4.2(a), the resonant 
coupling efficiency increases with decreasing inter-dome spacing (s) due to stronger plasmon 
coupling between dipolar moments of neighboring nanodomes. Further decreasing inter-dome 
spacing causes weaker plasmon coupling and hence low resonant coupling efficiency as domes 
slightly touch each other (s ~ 0 nm), shown in the blue curve of Figure 4.2(a). The result of the 
redshift in λLSPR arising from the refractive index (RI) change of the background media from air 
(n = 1) to water (n ~ 1.33) is presented in the dashed curve of Figure 4.2(b). We also observe a 
distinct blueshift in λLSPR as inter-dome spacing is decreased from 37 to 0 nm as controlled by 
increasing the thickness of the SiO2 layer. The increasing SiO2 thickness reduces the effective 
volume of the nanocavity within the inter-dome space region, which in turn results in the 
observed blueshift, as shown in the respective dashed curves of Figure 4.2(a) and (b). Please 
refer to Figure 4.8 in section 4.5.1 for further details.  
To explore the relationship between observed blueshifted λLSPR and the geometrical 
dimensions of the effective volume within the inter-dome space region, the optical responses of 
Ag-PNA structures were simulated using the finite difference time domain (FDTD) method. The 
SEM image shown in Figure 4.1(d) and the atomic force microscope (AFM) surface profiles 
shown in Figure 4.9 and the information from Table 4.1 in section 4.5.2 indicate that the profile 
of the nanodome surface is a cylinder with a flat top surface as shown in Figure 4.1(a). The hot-
spot region is located within the nanocavity defined by the cavity length (l) and the inter-dome 
spacing (s). In order to simplify FDTD 3D modeling, the shape of nanodome was approximately 
modeled as a periodic cylinder dimer structure composed of Ag, SiO2 and UVCP with two 
variables: gap spacing, s and effective cavity length, leff, as shown in the inset in Figure 4.3.  
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Figure 4.2: Measured far-field reflection spectra of Ag-PNA substrates with four different inter-dome separation 
distances for air (a) and water (b) as the covering media. The labeling of I, J and K indicates the spectral position of 
the LSPR for the calculation of their respective effective cavity lengths. (c) The corresponding SEM close-up views 
of the gap regions near the inter-dome spacing. The scale bar in (c) represents 300 nm. Please refer to Figure 4.8 in 
section 4.5.1 for further details. 
 
Figure 4.3 shows simulated LSPR wavelength (λLSPR) as a function of effective cavity 
length (leff) for various inter-dome separation distances (s) ranging from 5 to 35 nm with an 
interval of 5 nm when the background medium is air. It should be noted that, for fabricated 
devices, both inter-dome separation and cavity length decrease simultaneously as additional SiO2 
is deposited onto the surface of the cylindrical polymer structure. Based on the results of 
experimentally measured λLSPR and inter-dome spacing (s) from those points marked by the 
letters I, J, and K shown in Figure 4.2(a), we identify the corresponding points I’, J’ and K’ with 
the approximately calculated effective cavity lengths of 78, 69 and 51 nm, as shown in the 
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dashed curve of Figure 4.3. Consequently, the blueshift of λLSPR can be attributed to the reduced 
effective nanocavity volume within the inter-dome space region as a consequence of additional 
SiO2 coating. Moreover, since SERS enhancement is proportional to the product of the local 
electric-field intensity enhancement at the incident laser and the Raman scattered wavelength, 
the maximum |E|2 dependence on inter-dome spacing (s) indicates that SERS intensity abruptly 
drops as the inter-dome separation distance (s) increases, as shown in Figure 4.10 in section 
4.5.3. 
 
 
 
Figure 4.3: The FDTD-computed LSPR wavelength as a function of effective cavity length (leff) for six different 
gap spacings (s) for air as the background medium. The positions of the labeling of I’, J’ and K’ were obtained by 
using experimental data shown in Figure 4.2 (a) enabling their respective effective cavity lengths can be calculated. 
The inset shows a FDTD-modeled Ag-PNA structure. This model is only valid for s > 0. 
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Figure 4.4: (a) Experimental and FDTD-computed reflection spectra of Ag-PNA substrate with s = 10 nm for air 
and water as the background media. (b) Surface charge distributions associated with the corresponding resonances. 
Red and blue represent the positive and negative charge, respectively. (c) Top and (d) cross-sectional electric-field 
intensity enhancement distributions associated with the indicated resonances. 
 
The simulated reflectance spectra for the Ag-PNA structure with s = 10 nm and leff = 51 
nm for the background media of air and water are presented by black curves in Figure 4.4(a), 
which can be directly compared to the experimental data. The overall qualitative agreement 
between experimental and simulated profiles is excellent, and the remaining discrepancy of 
inhomogeneous linewidth broadening can be attributed to extra losses in the metal due to 
increased surface scattering, grain surface effects of the underlying SiO2 film, and the 
inhomogeneity of the inter-dome separation. Surface charge distributions associated with the 
indicated plasmon resonances shown in Figure 4.4(b) illustrate that two lower-energy dipolar 
bonding modes centered around λ = 655 nm in air and 807 nm in water, where the individual 
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dipole moments of the nanodome are aligned and oscillate in phase, have an increased effective 
dipole moment, thus resulting in a broad continuum as well as higher resonant coupling 
efficiency in virtue of high radiative losses (scattering). The higher-energy hexapolar bonding 
mode occurs at λ = 577 nm in water, where charges are partially canceled due to phase-
retardation effects. This mode has a decreased effective dipole moment, resulting in linewidth 
narrowing as well as relatively lower resonant coupling efficiency as a result of significant 
reduction of radiative scattering of the PNA structure. Figure 4.4(c) and (d) respectively 
represent the electric-field intensity enhancement (log|E/Einc|2) distributions in the x-y and x-z 
planes associated with the corresponding plasmon resonances. For the lower-energy broad modes 
resulting from strong dipolar couplings between adjacent nanodomes, the most intense field 
intensities are confined within the inter-dome space region, which is characteristic of the LSP 
modes. In contrast, for the higher-energy narrow mode arising from the suppression of radiative 
losses by hexapolar interactions, it is obvious that an evanescent electric field exists above the 
silver film, oriented in the z direction, which is characteristic for SPP modes shown in Figure 
4.11 in section 4.5.4. Moreover, the spectral location of the feature near λ = 571 nm shown in the 
dotted curve of Figure 4.2(b) is almost invariant under varied inter-dome separation distances. 
Such variations only influence the excitation strength of the respective LSP modes as discussed 
earlier. The coincidence between the experimentally measured and the numerically as well as 
analytically calculated resonance positions (Section 4.5.5) verifies that the observed resonance 
stems from the excitation of the (1,0) SPP mode via the periodic array of silver nanodomes. 
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4.3.2 Enhancement characterization of Ag-PNA and Au-PNA substrates 
For experimental verification of SERS performance of the Ag-PNA substrates in air, a 5 
μL droplet of 1 μM Rhodamine 6G (R6G, Sigma-Aldrich, 99%), a commonly used Raman 
analyte, was hand-spotted onto the Ag-PNA substrates, while a higher concentration (1 mM 
R6G) was applied to an ordinary glass slide coated with a 200 nm silver thin film for reference. 
Droplets were allowed to dry overnight before experiments were conducted. The diameter of one 
5 µL droplet of R6G is ~2.4 mm and the spot size diameter of HeNe laser at an output power of 
23 µW is ~100 µm. Because the laser spot size is much smaller than the R6G droplet size and 
because the laser beam is focused near the center of the droplet where we observe uniform R6G 
concentration, we avoid measuring near the perimeter of the spot, where accumulation of 
crystalized material (the coffee ring effect) can occur. Figure 4.5 shows SERS spectra of 1 μM 
R6G on Ag-PNA substrates with four different inter-dome separation distances and 1 mM R6G 
on a silver reference sample using λ = 633-nm excitation. Although there are relative changes in 
amplitudes, all spectra show that the R6G molecule is characterized by seven dominant Raman 
peaks, centered at Raman shifts of 613, 771, 1184, 1312, 1363, 1512, and 1651 cm−1. We use the 
intensity at 1363 cm−1, the aromatic C−C stretching vibrational mode [94], to quantitatively 
evaluate the analytical enhancement factor (AEF) of different Ag-PNA substrates. Please refer to 
section 4.5.6 for further details. The enhancement of the 1363 cm−1 Raman band strongly 
depends on the local electric field intensity enhancement at the wavelengths of both the 
excitation and the 1363 cm−1 shift, and it has been reported that the maximum EF occurs when 
λLSPR is located between λexc and λRS because LSPR is relatively broad and can be simultaneously 
excited by both the incident and the Raman scattered photons [95].  
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Figure 4.5: SERS spectra of 1 μM R6G on different Ag-PNA substrates and 1 mM R6G on a silver reference 
sample (the reference spectrum was multiplied by a factor of 20 in the plot). All were excited by a λ = 633 nm laser 
line. 
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In addition to LSPR spectrally overlapping both λexc and λRS, R6G analytes being 
spatially positioned within the hot spot region where the resonant electric-field intensity is 
greatest is also important because a small fraction of analytes under such an intense optical field 
can contribute a predominant portion of the overall SERS signal [96]. As shown in Figure 4.5 
and Figure 4.2(a), when the inter-dome separation distances decrease from 37 to 10 nm, the 
SERS intensity gradually increases and λLSPR shifts from 690 to 660 nm, which lies halfway 
between λexc and λRS. In the case of s = 10 nm, the AEF reaches the maximum value of 9.43 × 106 
because the maximum product of the local electric-field intensity enhancements at λexc = 632.8 
nm and λRS = 692.5 nm occurs within the 10-nm hot spot region. Afterward, the intensity 
abruptly drops down as adjoining nanodomes slightly touch each other due to the weaker electric 
field caused by few surface charges concentrating within the inter-dome spacing.  
To more accurately quantify the SERS EF using a Raman-active probe molecule with a 
well-characterized surface density, and to avoid the effects of gradual degradation of Ag surfaces 
due to oxidation, we produced Au-PNA substrates. The Au surface allows reproducible growth 
of a self-assembled monolayer of trans-1,2-bis(4-pyridyl)ethylene (BPE, Sigma-Aldrich, 97%) 
because BPE molecules are able to interact with gold via the pyridyl nitrogen atoms [97]. The 
use of an Au-PNA surface also allows direct performance comparison to a commercially 
available SERS substrate (Klarite KLA-313, D3 Technologies Ltd., UK) that is comprised of 
Au-coated etched pyramids on a silicon substrate. Au-PNA fabrication follows the same 
procedure as Ag-PNA fabrication, with the substitution of a 160-nm-thick gold film for the 
previous silver film. Although freshly produced silver-based nanostructures generally provide 
higher EF than gold-based devices [85], gold is more compatible with our target applications for 
detection of drugs and metabolites in fluid. Before measurements were conducted, an Au-PNA 
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substrate with s = 10 nm and a Klarite substrate were immersed in 10 µM BPE ethanolic solution 
for 12 h and then rinsed in pure ethanol, followed by blow drying with nitrogen to ensure a 
uniform single molecular layer adsorbed on the surfaces [97, 98]. A neat 100 mM BPE ethanolic 
solution poured into a cell culture dish (Corning 430166) with the dimensions of 60 × 15 mm for 
diameter and height was used as the reference. Figure 4.6(a) shows the SERS spectra of surface-
adsorbed BPE on Au-PNA with s = 10 nm and Klarite substrates and the Raman spectrum of 100 
mM aqueous BPE solution using λ = 633-nm excitation. All spectra show the five characteristic 
peaks of BPE at 1000/1020, 1200, 1340, 1607, and 1637 cm−1. The integrated intensity of the 
band at 1200 cm−1, the C=C stretching vibrational mode [99], was selected to quantitatively 
assess performance for each substrates and determine the spatially averaged SERS EF of the Au-
PNA substrate. It is obvious that SERS intensities are substantially greater when BPE molecules 
are adsorbed onto the SERS-active surface of the Au-PNA substrate compared to that of the 
Klarite substrate. The integrated intensity of the band at 1200 cm−1 normalized by the laser 
power and CCD integration time obtained from Au-PNA substrate outperforms that from the 
Klarite SERS substrate by 238×. As shown in Figure 4.6(b), the lower SERS signal of the Klarite 
substrate can be attributed to the LSPR wavelength of this surface (measured λLSPR of 735 nm) 
which is located far beyond the excitation wavelength and Raman scattered wavelength (λRS = 
684.8 nm), corresponding to the evaluated Raman shift of 1200 cm−1. For the SERS spectrum of 
surface-adsorbed BPE on the Klarite substrate excited by a 785 nm laser line, please refer to 
Figure 4.12 in section 4.5.7 for more information. 
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Figure 4.6: (a) SERS spectrum of surface-adsorbed BPE on an Au-PNA substrate with 10-nm gap spacing, SERS 
spectrum of surface-adsorbed BPE on a Klarite substrate, and the Raman spectrum of 100 mM aqueous BPE 
solution. All were excited by a λ = 633 nm laser line with the output power values showing in the figure. (b) 
Measured far-field reflection spectra of Au-PNA and Klarite substrates, showing their respective λLSPR of 681 and 
735 nm in air and 858 and 609/747 nm in water. (c) SERS intensity distribution map measured at 1200 cm−1 for the 
Au-PNA substrate with s = 10 nm over an area of 9 mm2. 
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After subtracting the background of the raw SERS and Raman spectra using a sixth-order 
polynomial fit, the calculation of the spatially averaged SERS EF is based on the equation: EF = 
[ISERS(λRaman)/NSERS]/[IRef(λRaman)/NRef] [51]. ISERS(λRaman) and IRef(λRaman) are the integrated  
intensity of the band at λRaman = 1200 cm−1 normalized by the laser power and CCD integration 
time from the SERS spectrum of surface-adsorbed BPE on the Au-PNA substrate and the Raman 
spectrum of bulk liquid BPE, respectively. NSERS and NRef are the number of excited BPE 
molecules inside the laser spot area on the Au-PNA surface and within the laser probe volume in 
100 mM BPE solution, contributing to measured SERS and Raman intensities, respectively. 
NSERS was calculated using NSERS = ρ S A/p2, where ρ is the surface density of BPE molecules, 
which is estimated to be 3.3 × 1014 cm−2 based on a 30 Å2 approximate area of a single BPE 
molecule [98], S is the total surface area of a unit cell of the Au-PNA, which includes the top 
plateau and the side wall surfaces as well as the base surface, A is the laser spot area, and p is the 
period of the PNA structure. NRef was calculated using NRef = c NA V, where c is the molar 
concentration of bulk BPE solution, NA is Avogadro’s number, and V is the laser probe volume. 
The laser probe volume is assumed to be that of a cylinder with a diameter and a height 
equivalent to the measured laser spot size and the effective probe length [85, 100]. The effective 
probe length was determined by immersing a silicon substrate into a neat ethanol solution in a 
cell culture dish (Corning 430166) while recording the background-subtracted 
silicon Raman peak at 522 cm−1 at each z position when the stage was translated vertically. 
Using a 5× objective (NA = 0.12) with an output laser power of 2.5 mW, the effective probe 
length was measured to be 9 mm. Hence the spatially averaged SERS EF is calculated to be 8.51 
× 107. Figure 4.6(c) presents a spatial map of SERS intensities at 1200 cm−1 on the Au-PNA 
substrate with 10-nm gap spacing and this map also shows that more than 78.5% coverage has 
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spatially averaged SERS EFs above 6.68 × 107, demonstrating the excellent uniformity of high 
EFs over an area of 9 mm2. 
 
4.3.3 SERS detection of urea 
For experimental demonstration of SERS performance of the Au-PNA substrate in an 
aqueous solution, a flow cell with inlet/outlet at the ends for outside tubing connection made of 
an optically clear resin (WaterClear Ultra 10122, DSM Somos) was first sandwiched between a 
cover glass and the Au-PNA substrate with s = 10 nm using UV-cured adhesive (Addison Clear 
Wave). Urea solution prepared at concentrations of 12.5, 25, 50, 100, 150, and 200 mM in DI 
water was then manually pumped into the flow cell using a syringe. Each concentration 
measurement was taken five times at the same location without flow, followed by emptying and 
rinsing with DI water three times before beginning the next concentration measurement. Figure 
4.7 shows SERS spectra of urea solutions and DI water (blank) on the Au-PNA substrate with s 
= 10 nm using λ = 785-nm excitation. We used a 5× low-NA objective (NA = 0.12) with a long 
working distance of 14 mm in a Renishaw inVia Raman microscope. It is obvious that the SERS 
spectra for urea solution exhibits a primary Raman band at 1000 cm−1, the symmetrical C−N 
stretching vibrational mode [101]. The inset presents a calibration curve of the averaged SERS 
intensity at 1000 cm−1 as a function of urea concentration with error bars representing ± 1 
standard deviation (σ) of five measurements at the same location. The data points were linearly 
fit by a least squares approximation with an R2 value of 0.998. The limit of detection (LOD) is 
defined as the concentration at which the intensity value is equal to the averaged blank intensity 
at 1000 cm−1 plus three times the standard deviation of five blank intensities at 1000 cm−1. Using 
the calibration curve to convert this intensity value to the corresponding concentration, i.e., LOD, 
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the LOD for urea solutions was calculated to be 11.9 mM for the Au-PNA substrate. Compared 
to LOD of 3.93 mM obtained from the Ag-PNA substrate shown in Figure 4.13 in section 4.5.8 
with an LSPR wavelength of 811 nm shown in Figure 4.2(b), the higher LOD of 11.9 mM can be 
attributed to the fact that the LSPR wavelength of 858 nm shown in Figure 4.6(b) is not within 
the spectral region between the excitation wavelength and Raman scattered wavelength (λRS = 
852 nm), corresponding to the designated Raman shift of 1000 cm−1. We envision application of 
this approach to detection of metabolites within biomedical tubing used for urinary catheters or 
renal dialysis, as a means for continuous monitoring of kidney function. Our detection approach 
is based upon diffusion of the analyte into the SERS-active volume without the need for surface 
adsorption, making this method suitable for in-line real-time monitoring, where accumulation of 
material onto the PNA surface by a selective capture coating is not desired. The LOD reported 
may be improved through the use of a high-NA objective to collect more scattered Raman 
photons, but at the expense of a working distance that would not be compatible with our flow 
cell, which must be deep enough to accommodate substantial flow rates. Please refer to Figure 
4.14 in section 4.5.9 and Table 4.2 in section 4.5.10 for further details. The obtained LOD of 
11.9 mM is sufficient for our clinical applications, as this value is well below the typical level of 
urea concentration in urine, 273 mM [101] and the pathophysiological range of urea 
concentration in blood, 30−150 mM [102], suggesting that our PNA substrate can provide a 
rapid and quantitative testing method for the detection of kidney activity and urine screening. 
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Figure 4.7: SERS spectra of urea solutions and DI water as the blank for Au-PNA substrate with s = 10 nm attached 
to a flow cell. All were excited by λ = 785 nm laser line with the output laser power of 7.8 mW delivered to the 
sample. Primary intensity peak for urea can be observed at 1000 cm−1. The inset represents averaged SERS intensity 
measured at 1000 cm−1 as a function of urea concentration with error bars indicating ± 1 standard deviation (N = 5). 
 
4.4 Conclusion 
In this chapter, we have successfully demonstrated that a PNA substrate can be fabricated 
using a low-cost, large-area and high-throughput nanoreplica molding technique, which provides 
a high density of EM hot spots. The spatially averaged SERS EF was measured to be 8.51 × 107 
when the LSPR is spectrally located between the excitation and Raman scattered wavelengths. 
Mapping of the SERS EF demonstrates that spatially averaged EFs higher than 6.68 × 107 
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remains consistent over a large SERS-active surface. As an exemplary clinical application of the 
sensor for detection of a urinary metabolite, urea in solution was detected with a detection limit 
of 11.9 mM, indicating the potential for in-line, real-time monitoring for detection of fluid 
samples from patients without taking samples and performing laboratory based tests. 
 
4.5 Supporting information 
 
4.5.1 Optical responses of Ag-PNA substrates with different gap spacings 
For clarity, we extract part of the data (orange, green and blue reflection curves and their 
SEM images) presented in Figure 4.2 in the text and redraw them here. Figure 4.8(a-h) shows 
four SEM images with s = 26, 10, ~ 0, and < 0 nm and their respective schematic cross-section of 
Ag-PNA structures. Figure 4.8(i) shows their respective measured reflection spectra. When the 
thickness of SiO2 coating is increased, the blueshift in measured LSPR wavelength (λLSPR) is 
observed, which can be attributed to the reduction of the effective volume of the nanocavity, (∝ s 
× leff), located within the inter-dome space region. The thicker SiO2 results in a smaller effective 
volume, which in turn leads to a longer blueshift of LSPR wavelength. Furthermore, it is worth 
mentioning that the resonance depth (coupling efficiency) is likely to be related to inter-dome 
separation distance (s), which determines the density of surface charge accumulating on the 
surface of inter-dome. For s = 10 nm, plasmonic coupling efficiency reaches its maximum value, 
compared to that at s = 26 nm, due to stronger plasmon coupling between dipolar moments of 
neighboring nanodomes. As adjacent nanodomes slightly touch each other (s ~ 0 nm), a sudden 
drop in coupling efficiency is observed due to weaker electric field caused by few surface 
charges concentrating within the inter-dome spacing, as shown in Figure 4.8(e-f). As one further 
increases SiO2 thickness, the LSPR wavelength will continue to blueshift with a lower coupling 
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efficiency until the surface of silver film becomes flat where the LSPR mode no longer appears 
and only the (1,0) SPP mode exists with the experimentally observed SPR wavelength of 443 
nm, which shows very good agreement with the analytically calculated value of 439 nm. The 
plasmonic coupling mechanism of the PNA structure is different from that of discrete 
nanoparticles (dimer), which was as mentioned in the first paragraph of section 4.3.1. 
 
   
 
Figure 4.8: (a, c, e and g) SEM images of the Ag-PNA surface with s = 26, 10, ~ 0, and < 0 nm. (b, d, f and h) 
Schematic cross-sectional illustrations of Ag-PNA structures with s = 26, 10, ~ 0, and < 0 nm. (i) Measured 
reflection spectra of Ag-PNA substrates with s = 26, 10, ~ 0, and < 0 nm. The scale bar represents 300 nm. 
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4.5.2 AFM images of the fabricated Au-PNA substrate 
The AFM tip is not likely to reach to the base of PNA substrate for measurement of 
actual l from bottom, shown in Figure 4.1(a) as s become smaller. Therefore, the effective cavity 
length, leff, defined in FDTD-modeled PNA structure is used in this study. 
 
 
     
 
Figure 4.9: (Left) tilted and (right) cross-sectional AFM images of the fabricated Au-PNA surface with 10-nm gap 
spacing, showing the plateau in the upper surface. 
 
 
 
Table 4.1: The relation between SiO2 thickness and measured s and calculated leff. 
SiO2 thickness (nm) 60 70 80 90 100 
Measured s (nm) 37 26 10 ~ 0 < 0 
Calculated leff (nm) 78 69 51   
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4.5.3 Maximum |E|2 dependence on s and leff 
 
 
 
Figure 4.10: The FDTD-computed maximum |E|2 at λLSPR as a function of effective cavity length (leff) for six 
different gap spacings (s) for air as the background medium. 
 
4.5.4 Simulated magnetic field Hy 
 
Figure 4.11: Simulated magnetic field Hy associated with the corresponding resonances as shown in Figure 4.4. 
Left: the grating-induced excitation of SPPs on the water-silver interface and right: the nanogap-induced LSPs 
within inter-dome spacing. The color scale is normalized by the maximum and minimum values of Hy. 
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4.5.5 Analytically calculated SPR wavelength 
For a square lattice of metallic cylinders, the spectral position of the resonance dip at the 
normal incidence reflection spectra, SPR wavelength (λSPR), owing to the activation of the SPP 
mode is given in a first approximation by [103, 104] 
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where Λ is the period of array (400 nm), εm and εd are respectively the dielectric constants of 
silver (−12.3+i0.844) and water (1.78) in contact with the metal, and p and q are integer indices 
representing the scattering orders of the array. Using the above formula, the SPR wavelength is 
calculated to be 576 nm for the excitation of the (1,0) SPP mode, which shows a very good 
agreement with the experimentally observed value of 571 nm.  
 
4.5.6 Analytical enhancement factor (AEF) calculation 
After subtracting the background of the raw SERS spectra using a sixth-order polynomial fit, the 
calculation of the analytical enhancement factor (AEF) is based on the following equation [51]: 
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where ISERS(λRaman) is the SERS intensity at 1363 cm−1 from SERS spectrum of 1 µM R6G on the 
nanodome substrate, IRS(λRaman) is the nonenhanced Raman intensity at 1363 cm−1 from the 
Raman spectrum of 1 mM R6G on the reference sample, cSERS is the molar concentration of the 
R6G on the nanodome substrate (1 µM), and cRS is the molar concentration of the R6G on the 
reference sample (1 mM). 
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4.5.7 SERS spectra of surface-adsorbed BPE on the Klarite substrate 
 
Figure 4.12: SERS spectra of surface-adsorbed BPE on the Klarite substrate respectively excited by 633 and 785 
nm laser lines with an equal incident power of 1.24 mW.  
 
4.5.8 SERS detection of urea using Ag-PNA substrate 
 
Figure 4.13: SERS spectra of urea solutions and DI water as the blank for Ag-PNA substrate with s = 10 nm 
attached to a flow cell. All were excited by λ = 785 nm laser with the output laser power of 30.2 mW delivered to 
the sample. Primary intensity peak for urea can be observed at 1000 cm−1. The inset represents averaged SERS 
intensity measured at 1000 cm−1 as a function of urea concentration with error bars indicating ± 1 standard deviation 
(N = 5). 
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4.5.9 Images of the SERS sensor flow cell 
 
 
Figure 4.14: Image of the SERS sensor flow cell that operates in series with biomedical tubing where the Au-PNA 
(left) and Ag-PNA (right) substrates are integrated as the bottom surface of the flow cell chamber with dimensions 
of 18.5 × 7.5 × 3 mm for length, width, and height, respectively. 
 
 
4.5.10 Efficiency of collecting scattered light 
The amount of light collected can be estimated by determining the solid angle intercepted 
by the lens (α): 
 
 
( )( )12 1 cos sin NAα π − = × −   (4.3) 
The estimated relative collection efficiencies of objectives are given in Table 4.2, where the data 
are normalized such that a standard 50× objective has an efficiency of 1. 
 
Table 4.2: Parameters of objective lenses. 
Objective type Numerical aperture (NA) Working distance (mm) Efficiency 
5× 0.12 14 0.0213 
20× 0.4 1.1 0.2466 
50× 0.75 0.37 1 
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CHAPTER 5: POINT-OF-CARE DETECTION AND REAL-TIME MONITORING OF 
INTRAVENOUSLY DELIVERED DRUGS VIA TUBING WITH AN INTEGRATED 
SERS SENSOR 
 
5.1 Introduction  
Intravenous (IV) therapy is a commonly used method for delivery of liquid-based 
medications and nutrients to a patient’s body in a wide range of clinical settings. Despite the 
adoption of sophisticated multi-drug pump systems, and quality control efforts that seek to 
consistently match the prescribed medications with those that are actually delivered to the patient, 
IV drug administration remains highly vulnerable to error. Medication errors associated with IV 
drug administration include incorrect dosage, substitution of one drug for another, co-delivery of 
incompatible drugs, and infusion of a drug that was not actually prescribed. It has been reported 
recently that up to 61% of all life-threatening errors during hospitalization are associated with IV 
drug therapy [105]. Thus, a primary focus of hospitals’ medication safety efforts will be upon the 
prevention of IV medication administration errors, particularly those involving continuous IV 
drug infusions [106]. Although current computerized IV infusion safety systems (“smart pumps”) 
help reduce traditional medication infusion errors through programming and calculating 
dose and delivery rates [107], such safeguards cannot recognize drugs in an IV line. The ability 
to continuously monitor the contents and concentrations within an IV line would offer an 
additional layer of error-checking for minimizing the occurrence of medication errors. 
Optical detection techniques, such as fluorescence, infrared absorption, and Raman 
scattering, are ideal candidates for this task because they can be performed without making 
physical contact to the IV-line contents and are nondestructive. Although the use 
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of fluorescent tags to detect nonfluorescent target molecules has numerous biomedical 
applications [108-110], it is not permissible to introduce fluorescent dyes into liquid-based 
medications that are being delivered to the patient’s body. Infrared absorption spectroscopy and 
Raman scattering are label-free detection methods, and thus do not require the use of additional 
chemical reagents. Nevertheless, the strong absorption cross section of water within the infrared 
wavelength region significantly interferes with the absorption efficiency of drugs within aqueous 
media. However, water has a very weak Raman cross section, opening up the possibility for 
using Raman spectroscopy. Raman scattering provides several advantages over infrared 
absorption, including inherently narrower bandwidth peaks, and the ability to more specifically 
identify chemical species by their unique scattering signatures. Unfortunately, the Raman 
scattering cross sections are 12-14 orders of magnitude smaller than the fluorescence cross 
sections of typical molecules and consequently only one ten millionth of the incident photons is 
converted into Raman photons [111]. As an extremely inefficient process, Raman scattering 
ordinarily requires a large ensemble of participating molecules along with a high power laser and 
long acquisition time to produce a measurable/detectable signal. This issue has been addressed 
through the development of surface-enhanced Raman scattering (SERS) [2, 3, 112]. SERS is a 
vibrational spectroscopy technique for rapidly determining chemical identity and structural 
information from small numbers of molecules in close vicinity to metallic nanostructured 
surfaces that support regions of intense electromagnetic (EM) field enhancements generated by 
the excitation of localized surface plasmon-polariton resonances (LSPR). It is this highly 
localized EM field enhancements at SERS-active sites called “hot spots” that cause the strongly 
enhanced excitation of Raman vibrational modes of adsorbed molecules. Therefore, SERS 
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allows for highly sensitive structural detection of low-concentration analytes with substantially 
less laser power and shorter detection times than Raman scattering. 
Numerous approaches have been demonstrated for producing SERS-active substrates.  
The most effective of these operate through the incorporation of a periodic metallic 
nanostructure that is capable of tailoring the LSPR position to the laser excitation wavelength, 
which in turn couple their electromagnetic fields into 10-20 nm dielectric air gaps [48, 57, 87, 
113, 114]. While the intensity of electric field within the nm-scale gap may be up to several 
thousand times greater than that of the incident illumination source, the field enhancement only 
occurs within a small fraction of the total surface area. Therefore, SERS scattering signals are 
only observed for the small fraction of molecules within the enhanced field volume. A high 
density of hot spots, combined with a high electric field enhancement factor within each hot spot, 
is important for obtaining a high “average” SERS enhancement factor, representing the most 
important performance parameter for measurements obtained from a practical system.   
Due to the combined requirements for nm-level precision fabrication and low cost 
manufacturing for single-use disposable applications, we recently developed a plastic-based 
approach for fabricating dense arrays of metallic domes [115]. Plasmonic nanodome array (PNA) 
substrates are produced using a nanoreplica molding technique to form arrays of polymer 
cylinders, followed by a two-step thin film deposition process to convert the cylinders to rounded 
domes with controllable and uniform 10-20 nm gaps between adjacent domes. PNA surfaces 
with an air superstrate were demonstrated to exhibit a spatially averaged SERS enhancement 
factor (EF) of 8.51 × 107 [115]. In this work, the PNA surfaces are designed specifically for 
operation with the surface exposed to an aqueous medium through adjustment of thicknesses of 
the SiO2 and gold films to tailor the spectral position of the LSPR for 785-nm laser excitation.   
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In this chapter, we explore the clinical potential of SERS-active PNA surface for 
identification and verification of the chemical contents of a fluid in an IV line as a means to 
enhance the safety of IV drug delivery systems. The PNA surface integrated with a miniature 
plastic flow cell that operated in-line with ordinary tubing is used as a SERS sensor for point-of-
care detection and real-time monitoring of IV-delivered drugs. We demonstrate concentration-
dependent SERS spectra for four IV-delivered drugs (dopamine, diltiazem, promethazine, and 
mitoxantrone) detected individually, with detection limits in the 19 to 731 ng/mL range. We also 
demonstrate the ability to kinetically monitor changes in drug concentration and to sense a two-
drug combination, resulting in spectra that are a concentration-dependent combination of their 
individual SERS spectra. In addition, the SERS sensor shows a good reproducibility and stability 
up to five days. Therefore, the capabilities reported here demonstrate the potential to use PNA 
SERS surfaces as an in-line SERS sensor for continuous monitoring of IV-delivered drugs. 
 
5.2 In-line surface-enhanced Raman scattering (SERS) sensor 
For SERS to become a single-use disposable sensor for point-of-care diagnostic tests, the 
SERS structure must be inexpensively manufacturable over large surface areas while 
simultaneously providing a reliable and reproducible SERS EF. The PNA structure used in this 
work is produced on a flexible plastic substrate by a low-cost, large-area, and high-throughput 
nanoreplica molding technique, which provides a spatially averaged SERS EF of 8.51 × 107 with 
a surface density of 6.25 × 106 mm−2 hot spots [115]. Figure 5.1(a) shows a photograph of the 
completed PNA structure on a flexible PET substrate over a 100 × 75 mm2 surface area. Gold 
was chosen as the plasmonic material because it is less susceptible to oxidation causing 
degradation of overall SERS EF and more compatible with our applications for detection of 
drugs in fluid. Figure 5.1(b) shows a scanning electron microscope (SEM) image of the 
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fabricated PNA structure with square lattice symmetry (period = 400 nm). SERS sensor is 
assembled by incorporation of the flexible PNA substrate into a miniature flow cell made from 
optically clear resin, as shown in Figure 5.1 (c). Figure 5.1 (d) illustrates an in-line SERS sensor 
where two cylindrical openings at the ends of the SERS sensor are connected in series with 
biomedical tubing and the excitation laser (λexe = 785 nm) is focused on the PNA surface by a 
50× objective with NA = 0.5. The SERS sensor described here provides label-free 
identification/detection of analytes due to diffusion of the analyte molecules into the SERS-
active regions without having to immobilize probe molecules on the sensor surface. 
 
 
Figure 5.1: (a) Image of the PNA surface fabricated on a flexible PET sheet. (b) SEM image of the completed PNA 
surface. (c) Image of the SERS sensor assembled by incorporation of the flexible PNA substrate into a plastic flow 
cell. (d) Schematic of an in-line SERS sensor where two cylindrical openings at the ends of the SERS sensor are 
connected in series with biomedical tubing and a 785-nm laser was focused on the PNA surface by a 50× objective. 
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Figure 5.2: (a) Measured and FDTD-computed reflection spectra of PNA substrate for the background medium of 
water covering PNA surface. (b) Top and (c) cross-sectional electric-field intensity enhancement distributions 
associated with the LSPR resonance. 
 
In addition to analyte molecules spatially positioned within the hot-spot regions, the 
spectral location of the LSPR is also important because it has been demonstrated that the 
maximum SERS EF occurs when the LSPR wavelength (λLSPR) lies between the excitation 
wavelength (λexe) and Raman scattered wavelength (λRS) because LSPR is relatively broad and 
hence both the incident and the Raman scattered photons can be simultaneously and strongly 
enhanced [116]. Figure 5.2 (a) shows experimental and simulated reflection spectra of PNA 
substrate for the background medium of water covering PNA surface. The overall qualitative 
agreement between experimental and simulated profiles is excellent, and the remaining 
discrepancy of inhomogeneous linewidth broadening can be attributed to extra losses in the 
metal due to increased surface scattering, grain surface effects of the underlying SiO2 film, and 
the inhomogeneity of the inter-dome separation. Since PNA substrates are not optically 
transparent, the reflection minimum wavelength (λmin = 832 nm) was used to locate the LSPR 
extinction maximum wavelength (λLSPR). Moreover, the dominant SERS intensity peaks for IV-
delivered drugs used in this work are situated between 1000 and 1500 cm−1 shift, corresponding 
to Raman scattered wavelength (λRS) ranging from 852 to 890 nm. Consequently, measured λLSPR 
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of 832 nm meets the criteria of the maximum SERS EF. Figure 5.2 (b) and (c) respectively show 
the electric-field intensity enhancement distributions in the x-y and x-z planes associated with the 
LSPR. The most intense electric-field intensity or EM hot spot is confined within the gap 
between adjacent nanodomes, depicted as the yellow region. 
 
 
Figure 5.3: SERS spectra of 25 mg/mL promethazine solution for SERS sensors with varying chamber heights (H). 
Primary SERS intensity peak for promethazine can be observed at 1037 cm−1. The inset represents the Raman 
spectrum of 25 mg/mL promethazine solution, acquired when the laser was focused on a uniform gold surface. 
 
In order to investigate the effect of the chamber height of the flow cell on the SERS 
intensity, SERS measurements were performed on the three different sized flow cells filled with 
25 mg/mL promethazine solution, clinically relevant concentration typically delivered to patients. 
Figure 5.3 compares the SERS spectra of 25 mg/mL promethazine solution within three different 
chamber heights. The SERS spectra of promethazine solutions reveals a dominating SERS 
intensity peak located at 1037 cm−1, due to the ring-breathing mode of the aromatic rings, a small 
peak at 677 cm−1, which can be assigned to a Cring–S stretching mode, as well as two minor peaks 
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at 1573 and 1593 cm−1, which can be assigned to the aromatic C=C stretching modes [117]. The 
inset shows the Raman spectrum of 25 mg/mL promethazine solution, acquired when the laser 
was focused on a uniform gold surface without any nanostructures. After background subtraction, 
the ratios of dominating SERS intensities to Raman intensity at 1037 cm−1 are 666, 300, 192 for 
H = 0.2, 1.5 and 3 mm, respectively. As shown in Figure 5.3, SERS intensity decreases with 
increasing chamber height, which can be attributed to the fact that a deeper solution will cause 
more power loss before the laser power is delivered to PNA surface, which in turn results in a 
decrease in measured SERS intensity. This is because SERS intensity is proportional to the 
fourth power of the magnitude of the local electric field enhancement and thus to the square of 
the laser power coupled into the PNA surface. SERS intensity can be improved through the use 
of a shallow flow cell to minimize the power loss effect, but at the expense of a chamber volume 
that would not accommodate clinical flow rates in clinical setting and a flow cell structure that 
may not be firm enough. Therefore, in this work, the distance between the top glass window and 
the PNA surface was designed to ~1.5 mm without sacrificing the rigidity of flow cell and 
experiencing a substantial resistance to flow by inserting the PNA substrate into the open slit 
located in the middle of the flow cell, as compared to 3 mm from the previous report [118]. 
 
5.3 Experimental details 
 
5.3.1 Nanofabrication of PNA substrates 
A 8-inch silicon wafer was patterned with a two-dimensional array of circular holes 
(period = 400 nm, diameter = 250 nm, and depth = 130 nm) using nanoimprint lithography 
(Molecular Imprints), in which an 8 × 12 array of  8 × 8 mm2 die, containing the hole arrays, 
were stepped and repeated every 1 cm in the x and y direction. The patterned silicon wafer was 
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treated with dimethyl dichlorosilane (GE Healthcare) solution for the purpose of facilitating 
release of cured polymer replica as a reusable molding template. In order to form the negative 
shape of the features of the silicon mold template, a total volume of ~500 µL liquid curable 
polymer (Gelest) droplets was dispensed onto the template surface and then evenly distributed 
between the silicon wafer and a 200-µm-thick flexible polyethylene terephthalate (PET) sheet by 
using a Teflon roller. The liquid polymer was then cured to a solid state by exposure to UV light 
at room temperature and the molded structure was subsequently released from the silicon wafer 
by peeling off the flexible PET sheet, resulting in a polymer replica of the silicon wafer structure 
adhering to the PET substrate. To minimize the separation distance between adjacent polymer 
cylinders, 70 nm of SiO2 was conformally deposited over the surface of polymer cylinders, 
followed by a 10 nm Ti adhesion layer and a 180-nm-thick Au film using electron beam 
evaporation system (Temescal), to complete the device. The SEM image of the resulting PNA 
structure is shown in Figure 5.1(b). 
 
5.3.2 LSPR reflection measurements 
Prior to reflection measurement, a water droplet (10 μL) was hand-spotted onto the PNA 
surface and then covered with a cover glass. Far-field reflection measurements of the PNA 
substrates for a water superstrate were conducted using an inverted microscope (Axio Observer 
D1, Carl Zeiss, Inc.) equipped with a 100 W halogen light source. The incident light was focused 
onto the PNA surface via a 10× objective (NA = 0.25) and the reflected light was coupled to a 
visible and near-infrared (VIS-NIR) spectrometer (Control Development, Inc.) through an optical 
fiber. All reflection spectra were collected against a mirror-like Au film over microscope glass 
slide as the reference. 
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5.3.3 FDTD simulations 
3D finite-difference time-domain (FDTD) simulations were performed to simulate the 
optical responses of PNA structures using a commercial software package (FDTD solution, 
Lumerical Inc. Vancouver, Canada). The structure was excited by a normally incident, unit 
magnitude plane wave propagating in the −z direction with an electric field polarization along the 
x-axis. In order to decrease the computation time, periodic anti-symmetric and symmetric 
boundary conditions were imposed at x and y boundaries of the x-y plane, respectively. Perfectly 
matched layer (PML) boundary conditions are set at z boundaries to properly absorb incident 
radiation. Monitors were placed in close proximity to PMLs to calculate the amount of reflected 
and transmitted power as a function of wavelength. A uniform fine mesh size of 1 nm (x, y and z 
directions) was used within the nanogap region. The optical properties of Au and SiO2 were 
respectively taken from Johnson and Christy [119] and Palik’s handbook [56], and then fit by the 
multi-coefficient model in the wavelength range from 700 nm to 1000 nm. A homogenous 
refractive index of water superstrate (n = 1.327) and UVCP substrate (n = 1.46) were used 
although they are slightly wavelength-dependent. 
 
5.3.4 Detection instrument and data analyses 
SERS measurements were carried out using a Renishaw inVia Raman microscope 
equipped with a NIR diode laser (λexc = 785 nm) and a 50× objective (NA = 0.5) with a working 
distance of 8.2 mm. Under the activation of the pinhole which improves the beam profile and 
spatial resolution, the measured NIR diode laser power at the exit of the objective is 512 µW for 
concentration series and mixture solutions experiments. The measured NIR diode laser power at 
the exit of the objective is 5.9 mW for kinetic experiments. The back-scattered photons were 
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collected by the same objective lens and sent through a holographic notch filter and a Peltier-
cooled CCD detector to acquire SERS spectra with a spectral resolution of ~ 0.5 cm−1. All 
measurement data were gathered using a linearly polarized laser beam oriented in the x-axis with 
an integration time of 10 sec for concentration series and mixture solutions experiments, and 5 
sec for kinetic experiments. Raw spectra were smoothed using the Savitsky–Golay method with 
a third-order polynomial and window size of 9. The slowly varying background of the processed 
spectra was removed by subtracting the processed reference spectrum taken from the blank 
solution (DI water). This method greatly reduced varying background levels with minimum 
effect on the net SERS peaks. All calibration curves shown in this work were fit using Hill 
equation with n = 1, which is equivalent to the Langmuir equation. 
 
5.3.5 Flow cell incorporated with PNA SERS substrate 
The flow cell was made of an optically clear resin (WaterClear Ultra 01122, DSM 
Somos), fabricated by a stereolithography system (Viper SLA system, 3D Systems). A cut PNA 
coupon with a square area of 1 cm2 was inserted into the middle slit of the flow cell and sealed 
by UV-cured adhesive (Addison Clear Wave). Both top and bottom surfaces of the flow cell 
were sealed by attaching No. 1 glass coverslips with the size of 12 × 24 mm using the same 
adhesive. The cross-sectional area of the inlet and outlet was 3.5 × 1 mm. The distance between 
the top glass window and the PNA surface was about 1.5 mm. The cylindrical openings at the 
two ends of the flow cell were tapped and screwed in with barded, male threaded adapters (10-32 
UNF × 1/8” ID, Cole-Parmer) connected to biomedical tubing (1/8” ID × 3/16” OD × 1/32” 
Wall , TYGON R-3603). 
85 
 
5.3.6 Measurement procedures 
Analytical grade drugs used in this study were purchased from Sigma-Aldrich. For 
concentration series measurements, each drug was prepared in DI water at five different 
concentrations. Prior to the SERS measurements, SERS spectra of a blank solution were first 
taken as references at five different recorded locations on the PNA surface, followed by 
emptying DI water from the PNA surface. The lowest concentration analyte solution was 
introduced onto the PNA surface and then SERS measurements were taken on the same locations 
as the measured reference spectra. After the measurements, the analyte solution was emptied out, 
followed by rinsing with DI water three times before beginning the next higher analyte 
concentration measurement. Measurements were taken without flow with an integration time of 
10 s. For mixture solutions of promethazine and mitoxantrone, promethazine and mitoxantrone 
mixture was prepared in four combinations of concentrations in DI water: 12.5 mg/mL, 1.95 
µg/mL; 6.25 mg/mL, 1.95 µg/mL; 50 µg/mL, 3.91 µg/mL; 50 µg/mL, 1.95 µg/mL for 
promethazine and mitoxantrone, respectively. Experimental procedure was identical to that 
mentioned in the concentration series measurements. For the kinetic on/off measurements, two 
separate programmable syringe pumps (PHD 2000/4400, Harvard Apparatus) were used to 
alternately infuse DI water (blank) and the analyte solution into their individual biomedical 
tubing at 50 s intervals over 650 s. The solutions were pumped through the tubing at a flow rate 
of 5 mL/min. A three-way stopcock connected to each biomedical tubing was used as a 
switching valve, which was synchronized with the syringe pumps, to alternate the flowing blank 
and sample streams into the third biomedical tubing connected to the inlet of flow cell. SERS 
spectra were captured every 5 s with an integration time of 5 s. 
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5.4 Results and discussion 
 
5.4.1 Detection of dopamine and diltiazem 
Dopamine, a vital neurotransmitter in the brain, is produced in several areas of the brain, 
including the substantia nigra and the ventral tegmental area. Parkinson’s disease and 
schizophrenia are respectively thought to be related to low and high levels of dopamine in certain 
regions of the brain [120, 121]. Since dopamine can increase blood pressure, it is often used as a 
treatment for the shock syndrome due to myocardial infarction, heart attack, or acute renal failure. 
Dopamine is usually administered by continuous IV infusion, and most common concentrations 
in IV bags are 0.8, 1.6, and 3.2 mg/mL. High dosage can cause ventricular arrhythmias, 
hypertension, tachycardia, and peripheral vasoconstriction [122]. Figure 5.4(a) plots the SERS 
spectra for dopamine solutions of varying concentrations ranging from 0.781 to 200 µg/mL. It is 
obvious that the SERS spectra of dopamine solutions reveal several characteristic SERS intensity 
peaks located at 649, 828, 1270, 1334, 1430, and 1486 cm−1. Two prominent peaks at 1486 and 
1270 cm−1 were assigned to phenyl C=C and phenolic C–O stretching modes, respectively [123, 
124]. The inset shows a calibration curve of averaged SERS intensity measured at 1486 cm−1 as 
a function of dopamine concentration with error bars indicating ± 1 standard deviation measured 
from five different recorded locations on the sensor surface (N = 5). The data points were then fit 
using a Langmuir equation with a correlation coefficient (R2) value of 0.999. 
Diltiazem is in a class of medications called calcium channel blockers and often used in 
the treatment of hypertension, angina pectoris, and certain types of arrhythmia because it works 
by relaxing the muscles of the heart and blood vessels and increasing the supply of blood and 
oxygen to the heart [125, 126]. The maximum recommended concentrations for continuous IV 
infusion and IV push are respectively 1 and 5 mg/mL, and events observed following diltiazem 
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overdose included bradycardia, hypotension, asystole, and AV block [127]. Figure 5.4(b) 
displays the SERS spectra for diltiazem solutions of varying concentrations ranging from 0.977 
to 250 µg/mL. The SERS spectra of diltiazem solutions exhibit a dominant SERS intensity peak 
located at 1033 cm−1, which can be assigned to the ring breathing mode. Using the dominant 
peak intensity value for quantitative analysis of diltiazem, the inset presents a calibration curve 
of the averaged SERS intensity as a function of diltiazem concentration with error bars 
representing ± 1 standard deviation measured from five different recorded locations on the 
sensor surface (N = 5). The data points in the inset were fit using a Langmuir equation with an R2 
value of 0.993.  
From the calibration curves shown in the insets of Figure 5.4(a) and (b), we can clearly 
see that at low concentration range the SERS intensity increases linearly with concentration, 
while at higher concentration range the SERS intensity increases slowly as the adsorption sites 
on the PNA surface gradually become fully occupied. For each drug, the limit of detection 
(LOD) is defined as the concentration at which the SERS intensity value is equal to three times 
the standard deviation (σ) of five blank intensities at the dominant peak (1487 cm−1 for dopamine 
and 1033 cm−1 for diltiazem). Therefore, by substituting three standard deviations (3σ) into the 
correspondingly fit Langmuir equation, the LODs were calculated to be 731 ng/mL for dopamine 
and 455 ng/mL for diltiazem. The results suggest that our PNA substrate is capable of rapidly 
identifying dopamine and diltiazem compounds and quantitatively detecting the changes in their 
IV solution concentration, hence preventing hazards associated with overdose, since the 
detection limits of the PNA substrate are well below their individual maximum allowed IV-
delivered concentrations. 
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Figure 5.4: SERS spectra of (a) dopamine and (b) diltiazem solutions at various concentrations. Individual primary 
SERS intensity peak can be observed at 1486 cm−1 for dopamine compound and 1033 cm−1 for diltiazem compound, 
corresponding to the phenyl C=C and C–O stretching modes, respectively. The inset in the figure represents a 
calibration curve of the averaged SERS intensity measured at (a) 1486 cm−1 and (b) 1033 cm−1 as a function of 
analyte concentration. The error bars indicate ± 1 standard deviation measured from five different recorded locations 
on the sensor surface (N = 5). The red curve shows the Langmuir equation fit to the experimental data.  
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5.4.2 Detection of promethazine and mitoxantrone 
Promethazine, a phenothiazine derivative, is a commonly used injectable medicine that 
provides clinically useful antihistamine, antiemetic, and sedative effects. Promethazine is often 
used to treat and relieve some types of allergy or allergic reactions and prevent and reduce 
nausea, vomiting, and motion sickness [128, 129]. When administered intravenously, 
promethazine should be given in a concentration no greater than 25 mg/mL. Overdose can cause 
severe tissue injury, including gangrene, requiring fasciotomy, skin graft, and/or amputation 
[130]. Figure 5.5(a) plots the SERS spectra for promethazine solutions of varying concentrations 
ranging from 0.763 to 195.31 µg/mL. The SERS spectra of promethazine solutions reveals a 
primary SERS intensity peak located at 1037 cm−1 corresponding to the ring breathing mode of 
the aromatic rings [117]. Using the primary peak intensity at 1037 cm−1 for quantitative analysis 
of promethazine, the inset shows a calibration curve of the averaged SERS intensity as a function 
of promethazine concentration with error bars indicating ± 1 standard deviation measured from 
five different recorded locations on the sensor surface (N = 5). Langmuir model offered a good 
fit for the experimental data with an R2 value of 0.999. 
Mitoxantrone is an anti-cancer (antineoplastic or cytotoxic) chemotherapy drug. It is used 
to clinically treat some types of cancer, such as metastatic breast cancer, acute myelogenous 
leukemia, and non-Hodgkin’s lymphoma [131]. Besides being used as anti-cancer agent, 
mitoxantrone is also applied for therapy of multiple sclerosis [117]. For mitoxantrone IV 
injection, the recommended dosage is 2 mg/mL, and congestive heart failure, tachycardia, and 
severe myelosuppression will occur when used in high doses. Figure 5.5(b) displays the SERS 
spectra for mitoxantrone solutions of varying concentrations ranging from 0.061 to 15.63 µg/mL. 
The SERS spectra of mitoxantrone solutions exhibit two prominent SERS intensity peaks located 
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at 461 and 1292 cm−1. The 1292 cm−1 band is the most intense feature in the spectra and was 
assigned to the ring stretching mode coupled with C–O motions [132]. The inset presents a 
calibration curve of the average SERS intensity measured at 1292 cm−1 with error bars 
representing ± 1 standard deviation measured from five different recorded locations on sensor 
surface (N = 5). A good fit using a Langmuir equation with an R2 value of 0.998 was obtained. 
The calibration curve presented in the inset of Figure 5.5(a) shows the similar trend as 
with the experiments of dopamine and diltiazem, while in the case of mitoxantrone, the 
calibration curve (inset of Figure 5.5(b)) almost exhibits a linear response because the analyte 
concentration is within the dynamic range of the PNA substrate. Furthermore, it is worth 
mentioning that mitoxantrone has an absorption maximum at around 660 nm [133], allowing the 
suitable excitation wavelength such as HeNe laser to excite resonant vibration modes of the 
mitoxantrone. Such surface-enhanced resonance Raman scattering (SERRS) is capable of further 
amplifying Raman scattering signal by 103 – 105 times compared with nonresonant SERS in our 
study since the resonance Raman effect usually does not exist in the NIR region [134, 135]. 
Based on the fit Langmuir equation and three standard deviation (3σ) threshold as the sensor 
readout resolution, the LODs were calculated to be 638 ng/mL for promethazine and 18.6 ng/mL 
for mitoxantrone, which are much lower than our previous reported value of 2.32 mg/mL for 
promethazine [118]. The LODs are also better than that from liquid-liquid segmented-flow-based 
approach [117]. Again, the obtained LODs are well below their individual maximum allowed 
IV-delivered concentrations, suggesting that the PNA substrate could be used to identify 
promethazine and mitoxantrone compounds and quantitatively detect the changes in their IV 
solution concentration in order to prevent the occurrence of medication errors. 
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Figure 5.5: SERS spectra of (a) promethazine and (b) mitoxantrone solutions at various concentrations. Individual 
primary SERS intensity peak can be observed at 1037 cm−1 for promethazine compound and 1292 cm−1 for 
mitoxantrone compound, corresponding to the ring-breathing mode of the aromatic rings and the ring stretching 
mode coupled with C–O motions, respectively. The inset in the figure represents a calibration curve of the averaged 
SERS intensity measured at (a) 1037 cm−1 and (b) 1292 cm−1 as a function of analyte concentration. The error bars 
indicate ± 1 standard deviation measured from five different recorded locations on the sensor surface (N = 5). The 
red curve shows the Langmuir equation fit to the experimental data. 
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It should be noted that the laser power of 512 µW, delivered to the sample via 50× 
objective (NA = 0.5), was chosen to avoid the issues such as photodegradation and 
photobleaching of the analyte. For Raman setup we utilized in the present study, the laser spot 
size and the effective probe length were respectively characterized to be 3.13 µm and 44.86 µm, 
and the laser probe volume (the detection region) is modeled as a cylinder with a diameter and a 
height equivalent to the measured laser spot size and half the effective probe length. Please refer 
to Figure 5.9 in section 5.6.1 for more information. In consequence, under the laser illumination 
area, the number of hot spots on the PNA surface is ~ 48 according to a single EM hot spot per 
unit cell area of 4002 nm2, as shown in Figure 5.1(b) and 5.2(b). The overall volume of EM hot 
spots within laser spot area is approximately 0.002178 µm3 based on the volume of a single EM 
hot spot of 45375 nm3 by assuming that the hot-spot region is bounded by the distance where the 
enhanced electric intensity decays to 1/e2 of its maximum value in FDTD simulation results. For 
this reason, only those analytes residing within or in close vicinity to the SERS-active volume of 
0.002178 µm3, which supports the regions of highly intense EM enhancement associated with 
LSPR, contribute a predominant portion of the overall measured signal, while analytes far 
beyond the SERS-active volume but nonetheless within the lase probe volume are largely 
responsible for the Raman signal although this contribution is very small, as shown in the inset 
of Figure 5.3.   
 
5.4.3 Detection of promethazine and mitoxantrone mixtures 
SERS offers a remarkable multiplexed capability for simultaneous detection of multiple 
analytes provided that SERS peaks of analytes of interest have little spectral overlap, which 
provides a great benefit for enhanced patient safety when a combination of two or 
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more distinct medications is delivered through an IV line in clinical settings. In order to 
demonstrate the multiplexed detection capability of SERS sensor, mixture solutions of 
promethazine and mitoxantrone at different concentrations were introduced onto the PNA 
surface. Figure 5.6 shows the SERS spectra for the promethazine and mitoxantrone mixtures 
where individual primary SERS intensity peak for promethazine and mitoxantrone can be 
respectively distinguished at 1037 and 1292 cm−1 from the mixtures, and the intensity values for 
each drug compound were in agreement with the measurements made with single drug solution. 
 
 
 
Figure 5.6: SERS spectra of promethazine (PMT) and mitoxantrone (MTX) mixtures. Individual primary SERS 
intensity peaks for both promethazine and mitoxantrone compounds can be identified at 1037 and 1292 cm−1, 
respectively. 
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5.4.4 Kinetic detection of promethazine and mitoxantrone 
The ability to continuously monitor the concentration fluctuations is essential for SERS 
sensors to be implemented in the clinical environment. In order to investigate real-time detection 
capability of SERS sensor, SERS measurements were made with DI water and a 500 µg/mL 
promethazine solution alternately infused through SERS sensor tubing at time intervals of 50 s, 
and SERS spectra were acquired every 5 s with an integration time of 5 s. Figure 5.7(a) shows 
the sensor real-time response to changes in promethazine concentration with time by monitoring 
the SERS intensity at 1037 cm−1 as a function of time. Likewise, SERS measurements were 
made with DI water and a 2 µg/mL mitoxantrone solution alternately infused through SERS 
sensor tubing at 50 s intervals, and SERS spectra were collected using the same measurement 
interval and integration time as with the promethazine experiment. Figure 5.7(b) shows the 
sensor real-time response to changes in mitoxantrone concentration with time by monitoring the 
SERS intensity at 1292 cm−1 as a function of time. Although ordinary IV injection rates are 
relatively low, an infusion rate of 5 mL/min was chosen to facilitate the kinetic experiment and 
minimize analyte dispersion (diffusion along tubing) that occurs at the interface between 
different solutions as they are being pumped into tubing. As a consequence, when the analyte 
solution is pumped through the SERS sensor tubing, analyte molecules initially residing in the 
proximity of the PNA surface have an increased probability of diffusing across a stagnant layer 
and heading toward the hot-spot regions before being swept out of the PNA surface. Conversely, 
molecules far away from the PNA surface will be swept downstream before they can diffuse 
very far.  
Our detection approach is based upon diffusion of the analyte molecules into the SERS-
active regions without the requirement for surface chemistry, making this method suitable for 
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continuous in-line monitoring of IV-delivered drugs, where immobilization of capture probes 
onto the PNA surface by selective molecule coating is not desirable. As shown in Figure 5.7(a), 
delay in sensor response can be observed due to the diffusion of molecules in the stagnant 
boundary layer as promethazine solution is pumped through the SERS sensor. By contrast, an 
instant response in SERS intensity upon exposure of the sensor to mitoxantrone solution is 
shown in Figure 5.7(b), because mitoxantrone is a highly effective scattering molecule and has 
higher adsorption affinity to the PNA surface than promethazine. With repeated cycles, a 
maximum-intensity plateau will be reached progressively as the adsorption sites of the PNA 
surface gradually become fully occupied. Although the memory effect was observed at the time 
when the blank injection was made, as indicated by a small amount of SERS intensity, both 
intensity-response curves synchronize very well with time-dependent fluctuations of analyte 
concentration because carry-over in general is caused by residual analytes of the previously 
injected solution that are tightly adsorbed on the PNA surface rather than trapped within the 
SERS-active volume, the gap between adjacent nanodomes. 
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Figure 5.7: (a) Kinetic plot of SERS intensity at 1037 cm−1 as 500 µg/mL promethazine solution and DI water were 
alternately pumped through the SERS sensor at 50 s intervals. (b) Kinetic plot of SERS intensity at 1292 cm−1 as 2 
µg/mL mitoxantrone solution and DI water were alternately pumped through the SERS sensor at 50 s intervals. 
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5.4.5 Stability and reproducibility of SERS measurements 
The SERS-active PNA surface utilized in this work consists of metal-dielectric thin-film 
coatings that are anchored over the entire surface of polymer cylinders adhering to the flexible 
PET substrate. This robust SERS structure along with a reliable SERS EF plays a significant role 
in the stability and reproducibility of measurements. In order to study the stability and 
reproducibility of the SERS sensor, the SERS measurement was conducted at room temperature 
over a period of 5 days on the SERS sensor filled with 25 mg/mL promethazine solution. The 
SERS spectra were captured every 24 h from the same locations after the initial exposure to the 
promethazine solution. Figure 5.8(a) represents the SERS spectra of 25 mg/mL promethazine 
solution within the SERS sensor for five days after the initial exposure. The inset shows a time 
course of averaged SERS intensity measured at 1037 cm−1 with error bars indicating ± 1 standard 
deviation measured from three different recorded locations on the sensor surface (N = 3). It is 
obvious that the 1037 cm−1 band positions and relative intensities do not vary significantly over 
the course of 5 days. Moreover, in order to evaluate batch-to-batch reproducibility of the SERS 
sensor, the same experiment was repeated on a fresh sensor device made from a separate 
fabrication batch, as shown in Figure 5.8(b). The results show that the peak intensity of the 1037 
cm−1 band remains constant as time progresses, indicating that the PNA surface remains SERS-
active and exhibits a robust performance over a period of 5 days. 
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 Figure 5.8: SERS spectra of 25 mg/mL promethazine solution within (a) the SERS sensor and (b) the SERS sensor 
made from a separate fabrication batch, up to five days after the initial exposure to the promethazine solution. The 
inset in the figure represents a time course of averaged SERS intensity measured at 1037 cm−1. The error bars 
indicate ± 1 standard deviation measured from three different recorded locations on the sensor surface (N = 3). 
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5.5 Conclusion 
In this chapter, we have experimentally demonstrated that an in-line SERS sensor has a 
great potential for enhanced safety of current smart infusion systems through point-of-care 
detection and real-time monitoring of IV fluids within biomedical tubing. We have demonstrated 
that the spectral alignment between the LSPR and excitation/Raman scattering together with an 
appropriate chamber height results in detection limits down to several ng/mL compared with the 
maximum allowed concentration level (mg/mL). We also have demonstrated the ability of SERS 
sensors to quantitatively identify individual drug compounds and to kinetically monitor changes 
in drug concentration as well as to simultaneously detect a combination of two drugs. Because 
the nanoreplica molding process used to make PNA substrates is an inexpensive and mass-
manufacturing nanofabrication method, and because PNA surfaces with consistent interdome 
spacing, and hence reproducible SERS EF, can be fabricated over a large area using this method, 
SERS sensors reported in this work could be practically adopted in a clinical setting as single-use 
disposable devices and make it possible to provide an additional verification at the point of care 
to help avert IV medication errors and prevent harm to patients. 
 
 
 
 
 
 
 
 
100 
 
5.6 Supporting information 
 
5.6.1 Characterization of the scattering volume 
 
 
Figure 5.9: (a) Silicon Raman intensity at 520 cm−1 as a function of the displacement as the knife edge of silicon 
wafer was translated across the laser beam [51]. A slight overshoot of the intensity stemmed from the additional 
contribution from the diffracted beam as laser beam is half-way through the knife edge. (b) Silicon Raman intensity 
at 520 cm−1 as a function of the distance z from the focal plan (z = 0). 785-nm laser and a 50× (NA = 0.5) objective 
was used in both measurements. Measured data were respectively fit to the error function and the Lorentzian 
function for the calculation of laser spot size and the effective probe length.   
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